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ABSTRACT 
Residential energy efficiency is a major priority in the United States and abroad 
due to concerns related to climate change and the economic impacts of energy 
consumption. Energy retrofits can provide direct private and public savings as well as 
population health co-benefits as a result of reduced emissions from residential 
combustion and electricity generating units (EGUs). However, retrofits such as 
weatherization may also lead to reduced air exchange rates and accumulations of indoor-
sourced pollutants. To protect indoor air quality (IAQ) and resident health, current 
building standards recommend coupling weatherization measures with ventilation; 
however, the combined impacts of these measures on energy costs, resident health, and 
general population health across diverse housing conditions have not been well-
established. 
In this study, we used the multizone airflow and IAQ analysis program CONTAM 
to simulate the IAQ impacts of a real-world energy intervention in a specific low-income, 
low-rise multifamily housing complex. We evaluated the differential impact of indoor 
source activities, such as cooking and smoking, on indoor concentrations of PM2.5 and 
  viii 
NO2. By co-simulating the CONTAM model with the energy simulation software 
EnergyPlus, we also examined the potential energy and IAQ trade-offs of meeting energy 
and ventilation building standards in a typical gas-heated midrise multifamily building. 
Lastly, we linked IAQ and energy simulation results from the midrise multifamily 
building to an energy-to-emissions model and health impact model to estimate the 
impacts of interventions on direct energy costs and monetized resident health and general 
population health. All building templates were located in Boston, MA. 
Overall, we found that combined investments in weatherization and ventilation 
retrofits could lead to energy savings and IAQ-related benefits; however, the direction 
and magnitude of benefits and/or disbenefits varied by intervention type and intensity, 
season, indoor source activity, and baseline ventilation parameters. Results suggest that 
some combinations of retrofits that provide energy savings may also lead to IAQ 
disbenefits for certain multifamily subpopulations, such as smokers in buildings without 
whole-building ventilation or filtration. We also found that weatherization interventions 
without ventilation upgrades led to increases in indoor PM2.5 levels and monetized 
resident health disbenefits that greatly outweighed direct energy savings and population 
health benefits. Together, results emphasize the importance of holistic energy-efficient 
interventions that explicitly consider IAQ and health. Our analytical framework can be 
utilized in future trade-off analyses to inform health-protective, cost-effective 
implementation approaches and building standards.  
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CHAPTER ONE: Introduction 
The design and implementation of residential energy-efficient interventions that 
provide widespread economic and societal benefits is of high priority in the United States 
and elsewhere. From an economic standpoint, energy-efficient interventions that reduce 
the per-unit cost of energy can increase the affordability of energy services for low-
income residents while providing important public and private savings, such as reduced 
energy expenditures by government and energy providers (International Energy Agency 
2014). Additionally, energy-efficient interventions can provide important climate change 
and population health co-benefits as a result of improved air quality due to reduced 
emissions from residential combustion and power plants (also referred to as electricity 
generating units, or EGUs).  
Energy-efficient measures can also impact indoor air quality (IAQ) and resident 
health. Since reduced air exchange rates due to weatherization measures can lead to 
accumulations of indoor-sourced pollutants, current best practices recommendations and 
green building guidelines (U.S. Green Building Council 2018) require adherence to both 
energy and ventilation standards, such as those published by the American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE). However, the 
impact of these measures across diverse housing environments has not been well-
established. While most field studies have reported positive IAQ and health impacts from 
energy-efficient renovations (Colton et al. 2015; Tohn Environmental Strategies 2016; 
Wilson et al. 2016), some have reported mixed or negative effects (Sharpe et al. 2015; 
Coombs et al. 2016). Furthermore, in spite of the potential trade-offs among costs related 
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to impacts on energy consumption, general population health, and indoor environmental 
health, no study to our knowledge has modeled all these dimensions together.  
 
Air quality and health  
Indoor and ambient (i.e. outdoor) air quality are well-established determinants of 
population health and well-being. Under the Clean Air Act, the Environmental Protection 
Agency (EPA) has established national ambient air quality standards (NAAQS) for 
several criteria air pollutants known to be harmful to human health, including fine 
particulate matter (PM2.5) and nitrogen dioxide (NO2). Of particular concern is exposure 
to PM2.5, a class of solid and liquid particles with an aerodynamic diameter of less than 
2.5 micrometers. Primary PM2.5 is emitted directly as the result of combustion from 
EGUs, motorized vehicles, buildings, wood burning, and other combustion processes. 
Secondary PM2.5 is formed as the result of atmospheric transformations of gaseous 
emissions, such as SO2 and NOx (NO and NO2) into particulates. NO2 is a gaseous 
product of combustion from motorized vehicles, EGUs, and other stationary sources of 
combustion. In the United States, numerous epidemiological studies have identified 
ambient PM2.5 as a risk factor for a range of health outcomes in adults, including 
cardiopulmonary disease (Zanobetti et al. 2009) and premature mortality (Samet et al. 
2000; Pope III et al. 2002; Dominici et al. 2006). In 2015, exposure to ambient PM2.5 was 
identified as the fifth-ranked risk factor for global mortality (Cohen et al. 2017). 
Exposure to ambient NO2 has also been associated with cardiovascular and respiratory 
disease in both adults (Zanobetti et al. 2006) and children (Weinmayr et al. 2010).  
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Indoor residential exposure to PM2.5 and NO2 is of growing concern due to the 
fact that most people spend the majority of their time at home. Extensive literature exists 
on the link between indoor exposure to these pollutants and increased risk of respiratory 
disease, such as asthma (Institute of Medicine 2000; Hansel et al. 2008; Breysse et al. 
2010). Major sources of indoor residential PM2.5 include cigarette smoking and cooking 
as well as ambient PM2.5 entering the home. The primary sources of indoor NO2 are 
unvented gas stoves and furnaces, as well as ambient NO2. Total indoor concentrations of 
these pollutants are highly dependent on housing characteristics that affect the relative 
distribution of outdoor-sourced and indoor-sourced pollutants in the home. For example, 
pollutants can enter and exit the home via several methods, including 1) infiltration or 
exfiltration, which is the unintentional flow of outdoor or indoor air, respectively, across 
small openings in the building envelope (e.g. cracks, holes), 2) natural ventilation via 
window-opening or other intentional, natural means of supplying or removing air, or 3) 
mechanical ventilation (e.g. mechanical outdoor air supply or exhaust fans).  
Furthermore, several of these factors are influenced by sociodemographics, 
potentially leading to variable exposure patterns and health risks across populations. For 
example, low-income residents may be especially vulnerable to these effects since they 
tend to live in smaller apartments within multifamily residences, potentially increasing 
the influence of indoor sources within their apartment (given smaller volumes) or from 
neighboring apartments due to shared compartments (Baxter et al. 2007). Also, rates of 
smoking and gas-stove cooking tend to be higher in low-income, urban populations 
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(Centers for Disease Control and Prevention 2004), which can influence indoor 
concentrations of PM2.5 and NO2, respectively.  
Residential energy efficiency  
Energy efficiency has been a major priority in the United States and abroad since 
the energy crisis in the 1970s, and more recently, due to concerns related to climate 
change and the economic impacts of energy consumption. Given that approximately 
twenty-five percent of U.S. energy consumption is from the residential sector, there has 
been increasing focus on improving the energy efficiency of homes through improved 
building standards and residential energy retrofitting programs. For example, since 
approximately half of total energy consumption in homes is due to heating and cooling 
(Logue et al. 2013; Francisco et al. 2017), a core component of retrofitting programs is to 
improve the thermal performance of the building through weatherization measures such 
as air sealing and insulation. The goal of air sealing, also referred to as tightening, is to 
minimize convective heat loss due to the infiltration of unconditioned air into the 
building by the repairing of cracks, holes, and any other openings in the building 
envelope. Meanwhile, roof or wall insulation primarily minimizes conductive heat flows 
with no or minimal effects to infiltration rates.  
Since IAQ is closely linked to housing conditions, it is also important to identify 
the environmental health impacts of these energy-efficient initiatives. Unlike ambient air 
pollution, indoor pollutants are not federally regulated. Instead, the maintenance of IAQ 
relies on best practices in building design and operation (Persily et al. 2012), including 
meeting the requirements of both energy and ventilation building standards. For example, 
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the American Society of Heating, Refrigerating, and Air-Conditioning Engineers 
(ASHRAE) and the International Energy Conservation Code (IECC) have published 
minimum insulation and building envelope leakage requirements. However, reducing 
infiltration can lead to accumulations of the aforementioned indoor-sourced pollutants, 
such as PM2.5 and NO2 from smoking and gas stove cooking, respectively. ASHRAE 
Standard 62.2 Ventilation for Acceptable Indoor Air Quality (ASHRAE 2016a) provides 
minimum ventilation and filtration requirements, including: 1) HVAC particle filtration 
with a minimum efficiency reporting value (MERV) of 8, 2) the installation of local 
cooking exhaust, and 3) the continuous provision of outdoor air via whole-building 
exhaust, supply, or balanced ventilation systems to maintain sufficient air exchange rates 
and dilution of indoor-sourced pollutants. These measures are designed to minimize IAQ 
disbenefits, but may also reduce potential energy savings.  
Additionally, several green building standards (ASHRAE 2014), certification 
programs (U.S. Green Building Council 2018), and guidelines (U.S. EPA 2016b) exist to 
provide guidance on meeting the requirements of both energy and ventilation standards. 
However, due to the potential IAQ and energy trade-offs of weatherization and 
ventilation retrofits, there has been a call for more research on the combined impact of 
building retrofits prescribed by these programs and standards (Persily et al. 2012).  
IAQ and health impacts of energy-efficient interventions 
Residential energy-efficient retrofits can directly impact IAQ and the health of 
residents as well as ambient air quality and associated general population health. To date, 
however, these pathways have been studied separately.  
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In regards to indoor environmental health, numerous field investigations have 
demonstrated that retrofit programs that incorporate weatherization and ventilation 
upgrades can lead to net improvements in some measures of IAQ (Noris et al. 2013; 
Colton et al. 2014; Frey et al. 2015; Coombs et al. 2016; Wilson et al. 2016; Francisco et 
al. 2017) and health (Breysse et al. 2011; Colton et al. 2015; Tohn Environmental 
Strategies 2016). Meanwhile, some of these studies and others report mixed or negative 
environmental health impacts (Frey et al. 2015; Sharpe et al. 2015; Coombs et al. 2016). 
The differences in direction and magnitude of effects across these studies could be 
attributed to several factors, including the type and intensity of retrofits and indoor 
occupant activity. For example, all studies reporting benefits were the result of 
comprehensive weatherization and ventilation improvements as part of green and/or 
healthy-housing initiatives. Additionally, some of these programs were coupled with no-
smoking initiatives (Colton et al. 2015). Other studies attributed reductions in ambient-
sourced indoor pollutants and increases in indoor-sourced pollutants to less window-
opening activity post-retrofit (Coombs et al. 2016).  
Simulation-based studies can address some of the uncertainties associated with 
variable intervention types and occupant activity patterns, however the body of literature 
is limited. Most modeling studies have found that air sealing-only leads to lower air 
exchange rates and increased indoor pollutant concentrations, such as PM2.5 (Emmerich 
et al. 2005; Fabian et al. 2012b; Underhill et al. 2017), and corresponding health impacts 
(Sundell et al. 2011; Fabian et al. 2012a; Hamilton et al. 2015). Meanwhile, sealing 
coupled with ventilation and/or filtration improvements can lead to improved IAQ 
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(Emmerich et al. 2005; Shrubsole et al. 2012; Hamilton et al. 2015) and health benefits 
(Fabian et al. 2014; Hamilton et al. 2015). Similar to field study results, the magnitude 
and direction of benefits and disbenefits from these simulation studies varied by study-
specific model parameters, such as occupant activity, pollutant sources, climate, and 
season.  
Energy-efficient measures also have the potential to impact ambient air quality 
and associated population health through the reduction of emissions from residential 
combustion of fossil fuels and fossil-fuel fired EGUs. Residential combustion refers to 
the on-site burning of fuels (e.g. gas, oil, coal, and wood) for space heating, water 
heating, and gas stove cooking. Meanwhile, electricity is generated by EGUs that are 
geographically scattered throughout regional electric grids. The impact of residential 
combustion and EGU emissions, including SO2, NOx, and primary PM2.5, on ambient air 
quality will depend on several factors, including fuel type, source location, local and 
regional meteorology, atmospheric chemistry, and background ambient pollutant levels, 
as Levy et al. demonstrated for EGUs (Levy et al. 2009). Using emission inventories, 
atmospheric dispersion modeling, and health impact models, previous studies have 
estimated significant health impacts from residential combustion and EGU emissions, 
including premature mortality (Caiazzo et al. 2013; Driscoll et al. 2015; Levy et al. 
2016a).  
IAQ and energy simulation modeling 
While field-based intervention studies can produce valuable results on the 
cumulative effect of building interventions, occupant activity, and baseline health on 
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indoor environmental health outcomes, they are not able to disentangle the individual 
effects of each component intervention. Therefore, results are strongly population- and 
site-specific. Meanwhile, IAQ and health impacts will likely vary by housing 
characteristics (e.g. residence size, baseline leakage, and mechanical ventilation), indoor 
sources and occupant activity (e.g. cooking, window opening, and smoking), and climate. 
Furthermore, field studies are costly, time-consuming, and have limited power to capture 
rare outcomes due to small sample sizes and short study periods.  
A more feasible approach to evaluating interventions in complex, indoor 
environments such as multifamily housing is through simulation modeling. In particular, 
the multizone airflow and contaminant transport analysis program CONTAM (National 
Institute of Standards and Technology 2013) is a well-validated simulation tool that 
provides a framework for building model construction and assists in the estimation of 
airflows, contaminant concentrations, and personal exposure. This modeling approach 
can account for the complexities of multifamily environments, which cannot be 
reasonably fit into a single compartment box model. It also supports the evaluation of 
numerous hypothetical interventions under a wide range of environmental and occupant 
behavior scenarios that may be too costly or logistically impossible to measure through 
field studies. Specific applications have explored the effect of housing interventions on 
multifamily housing environments (Fabian et al. 2012b), the impact of energy-efficient 
renovations on indoor air quality (Emmerich 2005), and the efficacy of filtration systems 
on indoor PM2.5 (Myatt et al. 2008).  
To directly simulate IAQ and energy consumption, airflow and IAQ models can 
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be co-simulated with energy models. For example, the National Institute of Standards and 
Technology (NIST) coupled CONTAM with EnergyPlus based on the Functional Mock-
up Interface for Co-simulation specification (MODELISAR 2010; Nouidui et al. 2014). 
EnergyPlus is a well-validated whole-building energy simulation tool that utilizes a 
multizone heat balance model to account for conductive, convective, and radiant heat 
transfer as well as user-defined inter-zone and infiltration airflows and HVAC system 
dynamics. During co-simulation, indoor temperatures and HVAC system flow rates 
predicted by EnergyPlus are used as inputs to the CONTAM model, and inter-zone 
airflows and infiltration rates from CONTAM are used as EnergyPlus inputs. Compared 
to previous IAQ- or energy-only approaches, this co-simulation method accounts for the 
interdependencies between airflow and heat transfer, therefore allowing the potential to 
more precisely predict IAQ and energy performance responses to building retrofit 
measures. 
Research Aims 
While numerous field investigations and simulation studies have contributed to 
our current understanding of the potential benefits and unintended consequences of 
residential energy efficiency, several gaps in the literature remain regarding the 
contribution of variable occupant activity as well as potential tradeoffs among direct 
savings, IAQ and associated health impacts, and general population health associated 
with outdoor emission impacts. The development of flexible, analytical tools to examine 
these trade-offs are essential for the development of energy-efficiency retrofits that 
protect human health across a range of housing environments and populations. Using a 
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combination of IAQ and energy building simulation models, emissions models, health 
impact assessment, and economic models, this dissertation aims to address these 
limitations. 
The specific aims of this dissertation include: 
1. Use simulation modeling to evaluate the IAQ impacts of various housing 
interventions across multiple occupant activity scenarios in a specific low-income 
multifamily housing site in Boston, MA.  
2. Apply a novel IAQ-energy co-simulation model to a midrise multifamily building 
template in Boston, MA to simulate the energy and IAQ impacts of selected 
weatherization and ventilation measures recommended by building standards.  
3. Link IAQ-energy co-simulation outputs from Aim 2 to energy-to-emissions 
models, health impact models, and cost models to predict the impacts of energy-
efficient interventions on changes in costs related to energy consumption, indoor 
environmental health, and general population health. 
 
For aim 1 (Chapter 2), we develop a framework for investigating the resiliency of 
energy-efficient retrofits to occupant activity, i.e. the ability of retrofits to provide IAQ 
benefits regardless of indoor occupant behaviors. Previously, the reported magnitude and 
direction of energy-efficient impacts on IAQ varied across studies and specific 
subpopulations, in part due to differences in occupant activities, such as window-opening, 
cooking, and smoking. Using the building simulation model CONTAM we are able to 
simulate the individual and combined impacts of a variety of weatherization and 
ventilation retrofits on indoor concentrations of PM2.5 and NO2 across multiple occupant 
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activity scenarios at a specific multifamily building site in Boston, MA.  
For aim 2 (Chapter 3), we use a novel IAQ-energy co-simulation platform to 
directly simulate the IAQ and energy impacts of several weatherization and ventilation 
retrofits recommended by building standards in a hypothetical midrise multifamily 
building in Boston, MA. Unlike previous energy- or IAQ-only models, the co-simulation 
model can account for the interdependencies between heat transfer, inter-zone and 
infiltration airflows, and contaminant transport in mid-rise multifamily buildings. Using 
this model, we identify sets of “win-win” interventions that provide both IAQ and energy 
benefits. 
Lastly, in aim 3 (Chapter 4), we link our IAQ and energy results to an energy-to-
emissions model and health impact models to predict impacts on the indoor 
environmental health of residents as well as general population health. Following 
monetization of these health impacts, we compare them with direct energy savings. To 
our knowledge, this is the first study to incorporate the impacts of residential retrofits on 
costs related to energy consumption, indoor environmental health, and general population 
health in one model.  
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CHAPTER TWO: Modeling the resiliency of energy efficient retrofits in low-income 
multifamily housing1   
Abstract 
 Residential energy efficiency and ventilation retrofits (e.g., building 
weatherization, local exhaust ventilation, HVAC filtration) can influence indoor air 
quality (IAQ) and occupant health, but these measures’ impact varies by occupant 
activity. In this study, we used the multizone airflow and IAQ analysis program 
CONTAM to simulate the impacts of energy retrofits on indoor concentrations of PM2.5 
and NO2 in a low-income multifamily housing complex in Boston, Massachusetts (USA). 
We evaluated the differential impact of residential activities, such as low- and high-
emission cooking, cigarette smoking, and window-opening, on IAQ across two seasons. 
We found that a comprehensive package of energy and ventilation retrofits was resilient 
to a range of occupant activities, while less holistic approaches without ventilation 
improvements led to increases in indoor PM2.5 or NO2 for some populations. In general, 
homes with simulated concentration increases included those with heavy cooking and no 
local exhaust ventilation, and smoking homes without HVAC filtration. Our analytical 
framework can be used to identify energy efficient home interventions with indoor 
retrofit resiliency (i.e., those that provide IAQ benefits regardless of occupant activity), as 
well as less resilient retrofits that can be coupled with behavioral interventions (e.g., 
smoking cessation) to provide cost-effective, widespread benefits.  
                                                        
1 Underhill, L. J., M. P. Fabian, K. Vermeer, M. Sandel, G. Adamkiewicz, J. H. Leibler and J. I. Levy 
(2017). "Modeling the resiliency of energy efficient retrofits in low-income multifamily housing." 
Indoor Air doi: 10.1111/ina.12446. 
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Introduction 
In response to the economic and social impacts of energy consumption, a variety 
of residential energy retrofitting programs have been implemented in the United States 
and elsewhere. In particular, weatherization retrofits aim to reduce heating and cooling 
demands by minimizing air leakage across the building envelope. While this can yield 
economic benefits and contribute to reductions in carbon dioxide emissions, it has been 
well established that reduced air exchange rates in the absence of other measures can lead 
to increased concentrations of indoor-sourced pollutants, such as fine particulate matter 
(PM2.5) (Emmerich et al. 2005) and nitrogen dioxide (NO2) (Zota et al. 2005) with 
corresponding effects on a range of health outcomes, including asthma (Sundell et al. 
2011).  
These unintended consequences are especially salient in low-income, multifamily 
housing. In these populations, rates of smoking (Giovino et al. 1994) and gas-stove 
cooking (CDC 1997) tend to be higher, which can influence indoor concentrations of 
PM2.5 and NO2, respectively. Furthermore, low-income residents tend to live in smaller 
apartments within multifamily residences, potentially increasing the influence of indoor 
sources within their apartments due to smaller volumes or from neighboring apartments 
due to shared walls and compartments (e.g. hallways) (Baxter et al. 2007). Low-income 
urban populations also have higher baseline rates of respiratory illnesses, such as asthma, 
exacerbated by indoor combustion pollutants (Moorman et al. 2007). 
Improvements in ventilation and filtration have been recommended to mitigate the 
negative weatherization-related consequences for indoor air quality (IAQ) and health 
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(i.e., disbenefits) (Noris et al. 2013), and several field investigations have demonstrated 
that retrofit programs that incorporate these measures can lead to net improvements in 
IAQ (Noris et al. 2013; Colton et al. 2014; Frey et al. 2015; Coombs et al. 2016; Wilson 
et al. 2016; Francisco et al. 2017). However, the reported magnitude of 
benefits/disbenefits varies across studies, as well as between specific subpopulations. For 
example, following a green energy retrofit of a low-income senior housing complex in 
Arizona, Frey et al. (2015) observed statistically significant decreases in PM2.5 only in 
apartments that reported smoking, but it was unclear whether this improvement was due 
to post-retrofit changes in smoking behavior or to the upgraded ventilation systems and 
exhaust fans (Frey et al. 2015). Other studies have specifically attributed IAQ-related 
impacts to post-retrofit occupant activities rather than retrofit design. Colton et al. (2014) 
reported 57% and 65% lower concentrations of PM2.5 and NO2, respectively, in “green” 
retrofitted multifamily public housing compared to control homes in Boston, MA (Colton 
et al. 2014). This was hypothesized to be primarily due to the post-retrofit 
implementation of no-smoking policies and the replacement of gas stoves with electric 
stoves, respectively, but without formal quantification of the effects of these measures 
over others (Colton et al. 2014). Meanwhile, Coombs et al. (2016) reported significantly 
lower levels of indoor black carbon (from outdoor sources) and increases in some indoor 
pollutants following a “green” renovation of a low-income multifamily housing complex 
in Cincinnati, OH, but concluded that these benefits were likely due to post-retrofit 
reductions in window-opening activity (Coombs et al. 2016). 
While the existing evidence of IAQ-related benefits from energy retrofits in field 
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studies is valuable, it is highly population- and site-specific, and it is challenging to 
disentangle contributing factors or observe differences between population groups due to 
limited sample sizes. Meanwhile, building simulation models can address the 
uncertainties associated with variable pollutant sources and occupant activity as well as 
account for the unique airflows in multifamily buildings. While the body of literature 
reporting model-based IAQ effects of energy efficient renovations is limited, most studies 
have found that weatherization measures alone can lead to increased indoor pollutant 
concentrations, while weatherization coupled with improved ventilation and/or filtration 
can mitigate these adverse impacts (Emmerich et al. 2005; Shrubsole et al. 2012; 
Hamilton et al. 2015). However, similar to field study results, the magnitude and 
direction of impacts vary by study-specific model parameters, such as occupant activity, 
pollutant sources, climate, and season. Together, field- and model-based results 
emphasize the fact that the environmental health impacts of energy retrofits likely vary 
across residential populations; therefore, the development of a framework for examining 
how residential activities modify the IAQ-related benefits of energy retrofits is of 
considerable interest. 
In the context of the built environment, resiliency has been used to characterize 
the performance of buildings (i.e., their ability to remain structurally intact and provide 
basic services) in diverse outdoor conditions, such as during severe rain or snowstorms, 
heat waves, wildfires, earthquakes, and other extreme events. The maintenance of 
acceptable IAQ has recently been acknowledged by the National Institute of Standards 
and Technology (NIST) as an important component of built environment resiliency 
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(Persily et al. 2016). Additionally, resiliency is a useful concept because it emphasizes 
that building performance is dependent on both structural design and occupant utilization 
(Hollnagel 2014). For this study, we define indoor retrofit resiliency as the ability of a 
home intervention to withstand both external environmental factors and the influence of 
internal stressors (i.e., occupant activity) that could reduce the performance of the 
intervention. Therefore, an energy retrofit that is resilient to occupant activity is one that 
provides IAQ benefits regardless of expected and unexpected indoor occupant activity. 
In the current study, we used a multizone airflow and contaminant transport 
analysis program to simulate the environmental conditions and IAQ before and after an 
energy retrofit in a low-income multifamily housing complex. Using changes in indoor 
pollutant concentrations as a metric of indoor retrofit resiliency, we also examined the 
variable impact of residential activities, such as low- and high-emission cooking, 
cigarette smoking, and window-opening, on the performance of energy-retrofitted homes 
across heating and cooling seasons. 
 
Methods 
Site: Multifamily Complex in Boston, MA 
We built a model of a low-rise, stacked townhouse apartment building located 
within a multifamily complex in the South End of Boston, MA with approximately 500 
units that are subsidized for low-income families. From 2009 to 2011, the entire campus 
underwent a deep energy retrofit as part of a comprehensive rehabilitation that targeted 
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48% in energy savings for the 4-story low-rise buildings containing 308 units, funded by 
tax exempt bonds, 4% Low Income Housing Tax Credits, and a HUD American 
Recovery and Reinvestment Act (ARRA) grant. Retrofits included air sealing, window 
and door replacements, appliance upgrades, higher efficiency HVAC filtration, and the 
installation of bathroom and kitchen exhaust fans. See Table A1 for renovation details. 
Building Model 
We used CONTAM 3.1.0.3 (NIST, Gaithersburg, MD, USA) to simulate the 
environmental conditions of a typical low-rise apartment before and after energy retrofits 
at the modeled site in Boston, MA. CONTAM is a well-validated, multizone mass 
transport analysis program that provides a framework for the construction of building 
models and estimation of pollutant concentrations and airflows (NIST). The CONTAM 
base template used in this study was previously developed using architectural and 
mechanical specifications of a typical low-rise building at the modeled site containing 8 
units (Appendix A, Figure A1). A summary of the application of building elements (e.g. 
windows, doors) and associated leakage values based on ASHRAE values and previous 
modeling studies has been published in detail (Fabian et al. 2016). The results of the 
current study are based on simulations of Unit A, a lower level corner unit (located on 
levels 1 and 2) with a living room, kitchen, and mechanical room on the first level and 
three bedrooms and a bathroom on the second level. The total volume of Unit A is 221.5 
m3. In the winter, the building was supplied with outdoor air via the mechanical forced-
air heating system ducts as well as window opening and infiltration. In the summer, fresh 
air depended on window opening and infiltration. In both seasons, we modeled manually 
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operated exhaust fans in the kitchen and bathroom in the post-retrofit condition. Details 
of these natural and mechanical ventilation parameters and schedules are contained in 
Appendix A (Table A2). 
Contaminant Parameterization  
We modeled the combustion by-products NO2 and PM2.5, given previous 
literature on their association with asthma exacerbations (Horak et al. 2002; Delfino et al. 
2004; Gauderman et al. 2004; Trenga et al. 2006; Delfino et al. 2008). Pollutant sources 
were based on information obtained from interviewing the building management 
company, and included gas stove cooking and infiltration. Smoking in the living room 
served as an additional source of PM2.5. Pollutant emission rates were parameterized 
using published literature values (Appendix A, Table A3). Time activity schedules were 
derived from occupant survey data, which were collected from 82 residents in the winter 
and spring of 2013. The survey included questions on occupant demographics, cooking 
activity, window-opening behavior, pest presence, and perceptions of comfort before and 
after the retrofit. Season-specific 24-h indoor temperature schedules were applied to 
account for diurnal and seasonal variation. Using field data from a study of 15 units at the 
building site (unpublished), hourly indoor temperatures were averaged across all 
apartments to create 24-h temperature schedules per season (heating and cooling). Based 
on these profiles, the 24-h average indoor temperature was 22.1°C in the heating season 
and 24.1°C in the cooling season. Hourly outdoor meteorology values (e.g. hourly 
temperature and relative humidity) were obtained from a typical meteorological year 
(TMY) dataset (Boston Station 14739, 1961-1990: TMY2, National Solar Radiation Data 
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Base, National Renewable Energy Laboratory) (National Renewable Energy Laboratory). 
Seasonal hourly outdoor PM2.5 and NO2 concentrations were obtained from nearby state 
monitors as described elsewhere (Fabian et al. 2012b). 
Indoor retrofit resiliency parameterization 
We simulated the indoor conditions of a typical low-rise building at the modeled 
site with each unit housing a family of four (two adults and two children) (Appendix A, 
Figure A1) across 64 combinations of renovation and occupant activities that represent 
unique indoor retrofit resiliency scenarios. The key dimensions in our factorial design are 
outlined in Table 2.1, and include season (heating and cooling), pre- and post-retrofit 
conditions for multiple interventions, and occupant activities that influence indoor 
sources and ventilation. We simulated pre-retrofit building conditions as well as 
combinations of 3 post-retrofit scenarios: 1) building weatherization (building sealing 
plus door and window replacements), 2) the installation of working exhaust fans in the 
kitchen and bathroom, and 3) improved HVAC filtration (from MERV 4 to 7) in the 
heating season only (Kowalski et al. 2002). While weatherization alone may be 
infrequently implemented, this scenario provides a basis of comparison with various 
retrofit bundles. To model kitchen ventilation we used a CONTAM fan element based on 
the mechanical specifications of the modeled low-rise building. As part of model 
evaluation, we ensured the resulting capture efficiencies across each scenario were within 
reasonable limits of previously measured data (Delp et al. 2012; Singer et al. 2012; 
Lunden et al. 2015). In CONTAM, the pre- and post-retrofit MERV filter ratings were 
associated with 10% and 40% removal efficiencies of PM2.5, respectively, based on 
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research from Kowalski et al. (Kowalski et al. 2002). For comparison, the ASHRAE 
Standard 52.2-2012 reports a minimum removal efficiency of 20% for particles 1-3 μm in 
diameter for MERV 8 (ASHRAE 2012). We evaluated the benefits of each intervention 
in homes with all windows closed or kitchen and bathroom windows open during 
cooking and showering events, respectively, across a set of pollutant-generating occupant 
activity scenarios: (1) no smoking and average cooking (1 hour/day), (2) no smoking and 
heavy cooking (2 hours/day), (3) heavy smoking (24 cigarettes/day) and average cooking, 
and (4) heavy smoking and heavy cooking. Within each retrofit resiliency scenario, 
identical occupant activities were modeled across all apartments. Detailed activity 
schedules and emission rates can be found in Appendix A (Table A3).  
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Table 2.1. Model dimensions for low-rise building factorial design.  
Pre-retrofit and Post-retrofit Conditions 
1. Pre-retrofit (baseline) 
2. Post-retrofit: weatherization alone 
3. Post-retrofit: weatherization + exhaust fans1 
4. Post-retrofit: weatherization + improved HVAC filtration2 
5. Post-retrofit: weatherization + exhaust fans1 + improved HVAC 
filtration2  
 
Occupant Activity Scenarios I (Pollutant-generating) 
1. No smoking + average cooking (1 hour/day)3 
2. No smoking + heavy cooking (2 hours/day)3 
3. Heavy smoking (24 cigarettes/day) + average cooking 
4. Heavy smoking + heavy cooking 
 
Occupant Activity Scenarios II (Natural Ventilation) 
1. All windows closed 
2. Kitchen and bathroom windows open1 
 
Seasons:  
1. Heating season (January) 
2. Cooling season (July) 
 
1 Kitchen and bathroom exhaust fans/windows operate during cooking and showering 
events, respectively. 
2 HVAC filtration only active in heating season. 
3 Average cooking scenario consists of 1 hour of cooking at an average cooking emission 
rate; Heavy cooking consists of 40 minutes of average cooking and 80 minutes of frying 
(see Table A3 for cooking and frying emission rates). 
 
 
Data Analysis 
CONTAM output files were converted to text and Microsoft Excel files using 
SimReadW (NIST, Gaithersburg, MD, USA) and data analysis was performed using 
SAS® software (Version 9.2; SAS Institute Inc., Cary, NC, USA). Hourly data were 
averaged to obtain source-specific 24-hour mean contaminant concentrations (i.e., 
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outdoor and cooking PM2.5 and NO2, and smoking PM2.5), temperature, and relative 
humidity per zone (i.e., room) over 7 days. All 24-hour weekly means were then 
weighted by zone volumes and summarized to estimate unit averages. Unit-specific air 
exchange rates were calculated by dividing the sum of airflows calculated by CONTAM 
across all paths, including windows, doors, and other leakage points, by unit volume.  
 
Results 
A total of 280 heating days and 168 cooling days were generated, representing 64 
indoor retrofit resiliency scenarios. Figures 2.1 and 2.2 present 24-hour average 
concentrations of total indoor PM2.5 and NO2, respectively, over 7 days predicted by 
CONTAM simulations of pre- and post-retrofit conditions during heating and cooling 
seasons across several occupant activity scenarios. Since identical occupant activity was 
modeled across all units within each scenario, total indoor concentrations represent the 
cumulative impact of sources within the unit as well as concentrations infiltrating from 
neighboring apartments and outdoors. These figures highlight the relative impact of pre- 
and post-retrofit measures on pollutant concentrations for each occupant activity 
scenario. All pollutant concentrations are also listed in Tables A4 and A5, which 
specifically identify post-retrofit scenarios with increased pollutant concentrations 
compared to pre-retrofit conditions.   
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Figure 2.1. Twenty-four-hour average concentrations of total indoor PM2.5 modeled in Unit 
A of a low-rise, stacked townhouse apartment building over a week during heating (top 
panel) and cooling seasons (bottom panel). Each line displays the change in pollutant 
concentrations from the pre-retrofit (baseline) condition to several post-retrofit conditions 
by window-opening activity. Post-retrofit conditions include: (1) weatherization only 
(building sealing, window/door replacements), (2) weatherization plus exhaust fans 
operating in the kitchen and bathroom during cooking and showering events, respectively, 
(3) weatherization and higher efficiency HVAC particle filtration (MERV 4 upgraded to 
MERV 7), and (4) all retrofits (weatherization, exhaust fans, and upgraded HVAC 
filtration). HVAC filtration was not operational during the cooling season.  
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Figure 2.2. Twenty-four-hour average concentrations of total indoor NO2 modeled in Unit A 
of a low-rise, stacked townhouse apartment building over a week during heating (top panel) 
and cooling seasons (bottom panel). Each panel displays the change in pollutant 
concentrations from the pre-retrofit (baseline) condition to several post-retrofit conditions 
by window-opening activity. Post-retrofit conditions include: (1) weatherization only 
(building sealing, window/door replacements), and (2) weatherization plus exhaust fans 
operating in the kitchen and bathroom during cooking and showering events, respectively.  
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Across all retrofit and occupant activity scenarios, modeled concentrations of total 
indoor PM2.5 range from 9.6 μg/m3 to 68.4 μg/m3 in the heating season and 20.4 μg/m3 to 
304.5 μg/m3 in the cooling season. Concentrations of total indoor NO2 range from 31.8 
μg/m3 to 60.2 μg/m3 in the heating season and 17.0 μg/m3 to 77.2 μg/m3 in the cooling 
season. The lower concentrations of PM2.5 in the heating season compared to the cooling 
season are expected due to particle filtration via the mechanical heating system and 
higher indoor-outdoor temperature differential-driven airflows. Average indoor and 
outdoor temperatures are 22.1°C and -0.2°C, respectively, during the heating season and 
24.1°C and 23.7°C, respectively, in the cooling season. Additionally, 24-hr average 
concentrations of outdoor PM2.5 from the state monitors are higher in the cooling season 
(16.6 μg/m3) versus the heating season (13.6 μg/m3). Meanwhile, outdoor NO2 is higher 
in the heating season (23.0 μg/m3) compared to the cooling season (18.1 μg/m3). In the 
heating season, mean daily air exchange rates range across scenarios from 0.62 h-1 to 1.43 
h-1 (mean = 1.0 h-1) pre-retrofit, and from 0.49 h-1 to 1.18 h-1 (mean = 0.79 h-1) post-
retrofit. In the cooling season, mean daily air exchange rates range from 0.16 h-1 to 0.49 
h-1 (mean = 0.28 h-1) pre-retrofit, and from 0.13 h-1 to 0.5 h-1 (mean = 0.24 h-1) post-
retrofit. These whole building air exchange rates include infiltration airflows calculated 
by CONTAM as well as mechanically supplied fresh air.  
Impact of weatherization only.  
Weatherization measures alone lead to increases in total indoor PM2.5 for most 
occupants, and these weatherization-related disbenefits tend to be greater in scenarios 
with stronger indoor sources (e.g. heavy cooking and smoking) and less natural 
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ventilation due to closed windows (Figure 2.1). In contrast, for NO2, disbenefits are 
observed in fewer renovation and occupant activity scenarios, primarily when windows 
are closed (Figure 2.2). These patterns can be interpreted by comparing source-specific 
contributions in the pre-retrofit scenarios (Figures 2.3a and 2.4a) and post-weatherization 
scenarios (Figures 2.3b and 2.4b). For example, weatherization increases the contribution 
of smoking and cooking to indoor PM2.5 concentrations (Figure 2.3a vs. 2.3b and 2.4a vs. 
2.4b), which more than offsets the benefits of reduced outdoor PM2.5 infiltration in most 
scenarios (Figure 2.1). The only scenario where no disbenefits are observed is in non-
smoking households with average cooking and open windows in the heating season 
(Figure 2.1), where indoor source contributions are modest relative to outdoor 
concentrations (Figure 2.3b). For NO2, weatherization similarly increases the contribution 
of cooking to indoor concentrations (Figure 2.3a vs. 2.3b and 2.4a vs. 2.4b); however, 
this increase is offset by the reduced contribution by outdoor NO2 in most heating season 
scenarios (except those with heavy cooking and closed windows) but only one cooling 
season scenario with average cooking and open windows (Figure 2.2). In other scenarios, 
weatherization leads to an increase in total indoor NO2; however, the only substantial 
increase is observed during heavy cooking with closed windows in the cooling season 
(Figure 2.2).  
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Figure 2.3. Source-specific 24-hr average concentrations of PM2.5 and NO2 from outdoor air 
infiltration, cooking activities, and cigarette smoking simulated in Unit A of the low-rise, 
stacked townhouse apartment building in the heating season under several occupant 
activity scenarios and retrofit conditions, including a) pre-retrofit (i.e., no retrofits), b) post-
retrofit weatherization only, c) post-retrofit weatherization plus exhaust fan utilization, d) 
post-retrofit weatherization plus improved HVAC particle filtration (MERV 4 upgraded to 
MERV 7), and e) post-retrofit weatherization, exhaust fan utilization, and improved HVAC 
filtration.  
  
28 
 
Figure 2.4. Source-specific 24-hr average concentrations of PM2.5 and NO2 from outdoor air 
infiltration, cooking activities, and cigarette smoking simulated in Unit A of the modeled 
low-rise, stacked townhouse apartment building in the cooling season under several 
occupant activity scenarios and retrofit conditions, including a) pre-retrofit (i.e., no 
retrofits), b) post-retrofit weatherization only, and c) post-retrofit weatherization plus 
exhaust fan utilization. 
 
Impacts of weatherization and exhaust fan usage.  
When exhaust fans are operated post weatherization, there are substantial 
reductions in total PM2.5 and NO2 concentrations relative to the weatherization-alone 
scenario, and there are net decreases in concentrations relative to baseline for most (but 
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not all) scenarios (Figures 2.1 and 2.2). When windows are closed, these benefits are 
driven by the substantial exhaust of cooking-sourced concentrations, which offsets the 
minor increase in outdoor-sourced concentrations for both pollutants in the heating and 
cooling seasons (Figure 2.3a vs. 2.3c and 2.4a vs. 2.4c). As a result, exhaust fan 
utilization with closed windows leads to substantial total PM2.5- and NO2-related benefits 
among scenarios with heavy cooking, but more modest benefits for scenarios with 
average cooking in both seasons (Figures 2.1 and 2.2).  
Exhaust fans have a limited effect on PM2.5 from smoking compared to cooking in 
both seasons; consequently, smoking-sourced PM2.5 concentrations are higher in most 
post-retrofit scenarios compared to baseline (Figures 2.3a vs. 2.3c and 2.4a vs. 2.4c), 
except in one scenario with longer duration fan activity (due to heavy cooking) with 
closed windows in the cooling season (Figure 2.4a vs. 2.4c). In other closed window 
scenarios, these disbenefits are offset by the substantial reduction of cooking-sourced 
PM2.5 by exhaust fans; however, since fan utilization has less of an effect on cooking 
PM2.5 when windows are open (Figures 2.3c and 2.4c), total indoor PM2.5 concentrations 
remain higher than baseline when windows are open in the heating and cooling seasons 
when smoking is present (Figure 2.1). For NO2, given that cooking is the only modeled 
indoor source, the addition of exhaust fans decreases concentrations relative to baseline 
for all scenarios, with more substantial magnitude decreases when windows are closed 
(Figure 2.2).  
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Impacts of weatherization and HVAC particle filtration  
The addition of higher efficiency HVAC particle filtration (from MERV 4 to 
MERV 7) to building weatherization leads to reductions in total indoor PM2.5 in the 
heating season when the system is active, and these reductions are comparable in 
magnitude across all occupant activity scenarios (Figure 2.1). This is due to the fact that 
HVAC particle filtration has a similarly moderate effect on PM2.5 from all sources (Figure 
2.3d), whereas local exhaust ventilation (e.g. kitchen exhaust fan) provides more 
significant reductions for cooking-sourced PM2.5 (Figure 2.3c). Since smoking occurred 
in the living room, PM2.5 from smoking was more responsive to improved whole-building 
HVAC filtration rather than local exhaust ventilation (Figure 2.3d vs. 2.3c). Improved 
HVAC filtration had no effect on NO2 concentrations (results not shown) due to the fact 
that MERV filters are designed to removal particle pollutants, not gases.   
The relative benefits of improved HVAC filtration compared to exhaust fans 
varies by window-opening and PM2.5 source activity patterns. For example, in scenarios 
with closed windows, fans offer greater total benefits compared to improved HVAC 
filtration except in scenarios with heavy smokers and average cooking, where the whole-
house benefits of HVAC filtration dominate. In scenarios with open windows, improved 
HVAC filtration leads to slightly greater benefits compared to exhaust fans across all 
occupant activity scenarios.  
As expected, weatherization accompanied by both exhaust fans and improved 
HVAC filtration leads to the greatest reductions of indoor-sourced PM2.5 than either 
  
31 
retrofit on its own (Figures 2.1 and 2.3). Net reductions in concentrations are seen for all 
occupant activity scenarios.  
Discussion 
With this modeling framework, we were able to quantify the impact of energy 
retrofits on IAQ across different combinations of renovation measures and occupant 
activity levels. Overall, we found that modeled weatherization-only retrofits generally led 
to IAQ-related disbenefits while weatherization retrofits accompanied by improvements 
in ventilation and/or filtration resulted in improved IAQ for most, but not all occupants. 
While several other field studies (Noris et al. 2013; Colton et al. 2014; Frey et al. 2015) 
and modeling assessments (Emmerich et al. 2005; Shrubsole et al. 2012) have observed 
similar trends, most field studies have lacked the power to measure the effects of variable 
occupant activity while few modeling studies have reported IAQ impacts by resident 
behaviors. Importantly, our study examined the potential range of IAQ effects of several 
types of retrofits across different occupant activity scenarios and found that both the 
direction and magnitude of retrofit effects on IAQ were influenced by several occupant 
activities, such as cooking, smoking, and window-opening.  
We summarize these influences using our definition of indoor retrofit resiliency. 
The full package of retrofits (i.e., weatherization + exhaust fans + improved HVAC 
filtration) was resilient to the range of occupant activities that we modeled, while some 
subsets of the full intervention were not. Weatherization-only retrofits led to increases in 
at least one indoor pollutant in all homes except those with average cooking, open 
windows, and no smoking. This would therefore be a minimally resilient retrofit; 
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however, weatherization alone is rarely implemented with IAQ benefits as the primary 
endpoint. 
The addition of improved ventilation and/or filtration mitigated some of the 
indoor pollutant buildup associated with weatherization, leading to a more resilient 
retrofit. However, the efficacy of these removal mechanisms varied by the magnitude and 
location of pollutant-generating occupant activities. In line with simulation results from 
Emmerich et al. (Emmerich et al. 2005), we found that weatherization accompanied by 
local exhaust ventilation in the kitchen tended to be most resilient to local cooking 
sources. However, as our model results indicate, window-opening activity can reduce the 
influence of fan exhaust on local cooking-sourced pollutants as well as lessen the 
removal efficacy of non-local pollutants, such as smoking-related PM2.5. Consequently, 
fans are not fully resilient to heavy smoking when windows are opened across both 
seasons. The resiliency of exhaust fans could also be affected by inconsistent utilization 
(Less et al. 2015), lower capture efficiencies associated with certain kitchen exhaust 
designs and cooking behavior (e.g. front versus back burner cooking) (Delp et al. 2012; 
Singer et al. 2012; Lunden et al. 2015) or be cost prohibitive to install or keep in good 
working order in some housing (Paulin et al. 2014).  
Weatherization accompanied by improved HVAC filtration provided PM2.5-
related benefits across all occupant scenarios in the heating season. However, if HVAC 
filtration was not active (during the cooling season) or improved (during the heating 
season), the intervention would not be resilient to window-opening activity with heavy 
smoking, which may be representative of other high emitting sources without dedicated 
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local exhaust ventilation (e.g. incense, candles, fireplaces, or wood-burning stoves). 
Furthermore, many multifamily residences do not have mechanical ventilation, and those 
that do are generally limited to ventilation systems with particle filtration and therefore 
do not influence exposures to gaseous pollutants such as NO2.  
While each subset intervention falls short of the resiliency of the full retrofit, our 
findings indicate that smaller (and less expensive) retrofit packages could be viable for 
specific multifamily buildings when financial constraints make it impractical to 
implement a complete set of energy and ventilation retrofits recommended by existing 
standards (e.g., ASHRAE 62.2 & 189.1) (ASHRAE 2016a; b).  For example, compared 
to a building with smokers, a building with a no-smoking policy would be more likely to 
have robust benefits from a bundle including only weatherization and kitchen exhaust 
fans, which have the added benefit of cross-season effectiveness. However, interventions 
that rely on changes in occupant behavior need to have mechanisms to ensure 
compliance, or they run the risk of causing adverse health effects. The clear advantage of 
a resilient intervention is that it does not depend on some of these contingencies.  
In addition to source control policies, operations and maintenance practices and 
resident education can increase retrofit benefits through proper installation and 
maintenance of ventilation systems (e.g. filter cleaning or replacement) as well as 
occupant education to improve operation compliance (Less et al. 2015).  
In general, although our model is based on a single building template in a defined 
geographic location, with a modeled set of activity patterns, our findings reasonably 
agree with the literature. For example, based on a simulation study of a diverse, energy-
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retrofitted UK housing stock, Wilkinson et al. reported an overall decrease in indoor 
PM2.5 following building tightening and attributed the benefits to reduced infiltration of 
outdoor PM2.5 and limited indoor sources (i.e., no smoking) (Wilkinson et al. 2009). In a 
separate study of the London housing stock, Shrubsole et al. predicted that weatherization 
without mechanical ventilation would lead to an average increase in personal exposure to 
indoor PM2.5 by 5.4 μg/m3, versus exposure reductions for bundled interventions 
(Shrubsole et al. 2012). Emmerich et al. found that exhaust fan utilization was a more 
effective intervention to reduce cooking-sourced PM2.5 and NO2 compared to HVAC air 
filtration improvements; however, these results were based on a single cooking emission 
rate and schedule for NO2 and PM2.5 and did not include smoking (Emmerich et al. 
2005). Similar to Emmerich et al., we observed a slight increase in outdoor-generated 
PM2.5 and NO2 due to fan utilization; however, the reduction in indoor-sourced pollutants 
(i.e., pollutants from cooking and PM2.5 from smoking in the living room) greatly 
outweighed the disbenefits. 
Because of the complexity of building and airflow physics, as well as human 
behavior, there are limitations in using models to describe these systems. However, our 
study is meant to be a comparative analysis for which valid scientific assumptions have 
been made. To account for the complexities of pollutant transport in multifamily 
buildings, we utilized the well-validated CONTAM model, which has been extensively 
applied to measure the IAQ impacts of central forced-air heating and cooling systems 
(Emmerich et al. 1996), energy-efficient retrofits (Emmerich et al. 2005; Fabian et al. 
2012b), and healthy-home interventions (Myatt et al. 2008; MacIntosh et al. 2010; Fabian 
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et al. 2012b). Directly validating the modeled outputs using measurements was not 
plausible given the factorial design and the hypothetical nature of each of the 64 
scenarios, but CONTAM has been widely validated and our concentration estimates are 
similar to those in the literature for comparable scenarios. In addition, the factorial design 
allowed us to effectively test the sensitivity of our conclusions to a range of source 
emission rates, basic building characteristics, and occupant behaviors like window 
opening, effectively increasing the generalizability of our work.  
To capture the influence of occupant activity on IAQ, we applied fixed schedules 
for indoor temperature, cooking and smoking activity, window- and door-opening, and 
exhaust fan operation. While these standardized schedules allowed for direct comparisons 
between retrofit scenarios, they do not capture the variability in human activity or the 
influence of the outdoor environment on indoor conditions. For example, window-
opening activity was included for ventilation purposes during scheduled cooking and 
showering events but we did not account for changes in human activity in response to 
extremes in internal temperature, a significant driver of window-opening activity (Fabi et 
al. 2012), or elevated pollutant concentrations that would likely lead to mitigation 
measures by residents (e.g. fan utilization, window-opening, or smoking cessation). For 
this reason, while some of our highest modeled concentrations accurately reflect model 
parameters, they may be higher than those more commonly observed in real-world 
scenarios. For example, a field study of single-family residences and multifamily 
apartments with mean home size of 155 m3 and average smoking frequency of 44 
cigarettes/day reported mean indoor PM2.5 values of 84 μg/m3 (range = 23-285 μg/m3) in 
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smoking-designated rooms and 63 μg/m3 (range = 14-194) in areas distal to indoor 
smokers (Van Deusen et al. 2009). In the current study, we simulated similar, but slightly 
higher total indoor PM2.5 concentrations (range = 31-305 μg/m3) despite greater indoor 
volumes (222 m3) and lower smoking rates (24 cigarettes/day). 
Additionally, all occupant activity was assumed to be the same before and after 
the retrofit, based on results from a questionnaire administered to building residents that 
indicated no significant occupant activity changes. However, in other studies behavioral 
changes have been recorded. For example, Coombs et al. observed less window-opening 
following green retrofits (including weatherization and central heating upgrades) in a 
low-income housing complex in Cincinnati, OH (Coombs et al. 2016). Lastly, no 
information was available to validate leakage rates, so modeling results are therefore 
representative of the characteristics of a typical low-rise building at the modeled location, 
not any specific building. In spite of these simplifying assumptions and other limitations 
intrinsic to simulation modeling, our model offers a framework for analyzing 
hypothetical changes in window opening and cooking activity and can easily 
accommodate alternative assumptions, both in the parameters of our factorial design and 
in the building configuration within CONTAM. 
 
Conclusions 
Overall, our results support current recommendations to incorporate improved 
ventilation and/or filtration measures into traditional energy efficiency campaigns in 
order to mitigate IAQ disbenefits commonly associated with building tightening. Given 
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that the IAQ performance of these retrofits is highly dependent on occupant activities, 
such as cooking, smoking, and window-opening activity, it is important to ascertain 
precisely which combinations of retrofits are resilient to which occupant activities. Our 
findings demonstrate that several retrofit combinations may lead to disbenefits for certain 
subpopulations (e.g. smokers in weatherized buildings without mechanical filtration or 
heavy cookers in retrofitted kitchens without exhaust fans). While our quantitative 
findings may not generalize to other buildings given the importance of building 
configuration and occupant activity patterns, our retrofit resiliency framework stands as a 
valuable approach to assessing the impacts of housing interventions across diverse 
populations and seasons and may be especially important in the context of low-income 
multifamily housing considering the potential range of occupant activities within 
buildings. Specifically, our methods can be used to identify resident populations for 
whom sets of interventions may lead to disbenefits, as well as retrofits that must be 
coupled with changes in occupant behavior, such as indoor smoking cessation, to ensure 
fully resilient, and cost-effective, interventions.  
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CHAPTER THREE: Quantifying the impact of housing interventions on indoor air 
quality and energy consumption using coupled energy, airflow and IAQ simulation 
 
Abstract 
While residential energy and ventilation standards aim to improve the energy 
performance and indoor air quality (IAQ) of homes, their combined impact across diverse 
housing environments has not been well-established. In this study, we demonstrate the 
insights that a novel IAQ-energy model can provide regarding the potential energy and 
IAQ trade-offs of weatherization and ventilation retrofits in multifamily housing in 
Boston, MA across varied indoor occupant activity and ventilation scenarios. Overall, we 
found that combined investments in weatherization and improved ventilation 
recommended by building standards could lead to both energy savings and IAQ-related 
benefits; however, exceeding the weatherization or ventilation standards could lead to 
IAQ disbenefits for some populations with strong indoor sources (e.g. heavy cooking or 
smoking) or an increase in energy costs for others (e.g. due to addition of continuous 
outdoor air supply ventilation). Our modeling platform is flexible and can be applied to a 
wide range of building typologies, retrofits, climates, and indoor occupant activity 
scenarios; therefore, it stands as a valuable tool for identifying cost-effective 
interventions that meet building standards and improve IAQ across diverse housing 
populations.  
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Background 
 The design and implementation of residential building interventions that reduce 
energy costs while protecting the indoor environmental health of occupants is a high 
priority in the United States and elsewhere (Persily et al. 2012). Approximately 20% of 
total energy consumption in the U.S. occurs in the residential sector (US Energy 
Information Administration 2015), and up to half of this demand is associated with 
heating and cooling (Logue et al. 2013). To reduce these energy costs, the American 
Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) and the 
International Energy Conservation Code (IECC) publish minimum insulation and 
building envelope leakage requirements to minimize conductive heat transfer and reduce 
infiltration of unconditioned air across the building envelope, respectively. However, 
reducing infiltration can result in higher levels of indoor-sourced pollutants, such as 
PM2.5 from cooking sources (Emmerich et al. 2005), with corresponding effects on a 
range of health outcomes (Sundell et al. 2011). ASHRAE Standard 62.2 Ventilation for 
Acceptable Indoor Air Quality (ASHRAE 2016a) provides minimum ventilation and 
filtration requirements, which are designed to minimize indoor air quality (IAQ) 
disbenefits, but may also reduce potential energy savings and increase upfront installation 
costs.  
Several green building standards (ASHRAE 2014), certification programs (e.g. 
LEED®, U.S. Green Building Council 2018), and guidelines (U.S. EPA 2016b) provide 
direction on the implementation of retrofits that meet the requirements of both energy and 
ventilation standards. However, due to the complex and often contradictory relationship 
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between energy efficiency and IAQ, it has been previously emphasized that more 
research is needed to determine the combined impact of building weatherization and 
ventilation retrofits prescribed by these programs (Persily et al. 2012).  
Evaluating the tradeoff between energy savings and healthy IAQ is especially 
important in multifamily residences, in which approximately 20% of the U.S. population 
resides (Noris et al. 2013). Most energy retrofitting programs are geared towards the 
single-family residential sector (Noris et al. 2013) and may not address the unique 
retrofitting needs of multifamily buildings and their residents. For example, multifamily 
buildings can include common-use spaces and ventilation systems and there can be air 
and contaminant leakage between individual family dwelling units (Ueno et al. 2015). 
Additionally, multifamily rental units are predominantly occupied by low- and middle-
income populations in urban settings (Ross et al. 2016), and smoking rates (Giovino et al. 
1994) and baseline rates of respiratory illness tend to be higher within these populations 
(Moorman et al. 2007). Furthermore, energy retrofit programs are underutilized in the 
multifamily housing sector due to financial and logistical challenges (e.g. split incentives 
where building owners cover the retrofit implementation costs while residents may 
experience most of the savings) (Ross et al. 2016).  
Since the implementation of energy retrofits is primarily driven by financial 
incentives, a more refined understanding of how to maximize IAQ benefits while 
reducing energy costs is important for more widespread implementation. Numerous field 
investigations have demonstrated that multifamily energy retrofit programs can lead to 
net improvements in IAQ (Noris et al. 2013; Colton et al. 2014; Frey et al. 2015; Coombs 
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et al. 2016; Wilson et al. 2016; Francisco et al. 2017); however, they are not able to 
characterize the separate impacts of weatherization retrofits designed to save energy and 
ventilation retrofits that often increase energy consumption.   
Building simulation models provide an efficient means to evaluate multiple types 
of building interventions, but to date these models have focused on optimizing one 
dimension without comprehensively evaluating tradeoffs between energy and indoor air 
quality. For example, CONTAM is a multizone airflow and pollutant transport analysis 
program that can account for the complex airflows in multifamily buildings, including 
inter-apartment airflows and stack pressures. Studies utilizing this model have 
demonstrated that building sealing measures can lead to increased indoor pollutant 
concentrations, while sealing coupled with improved ventilation can mitigate these 
adverse impacts (Emmerich et al. 2005; Fabian et al. 2012b; Shrubsole et al. 2012; 
Hamilton et al. 2015; Underhill et al. 2017).  
CONTAM does not perform heat transfer calculations, therefore the 
corresponding impacts of modeled retrofits on energy performance cannot be directly 
accounted for within CONTAM. Some studies have applied CONTAM model outputs, 
e.g. ventilation rates, to external heat loss models to estimate energy savings potential 
(Laverge et al. 2011; Hamilton et al. 2015), but this approach is limited in its ability to 
account for heat loss due to infiltration, conductive heat loss, solar gains, and heat 
transfer across multi-unit buildings. Additionally, CONTAM relies on user-defined 
indoor temperature schedules as opposed to physics-based heat transfer calculations that 
dynamically respond to changes in building structure, occupant activity, and ambient 
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meteorological conditions. Recent studies have demonstrated substantial differences in 
predicted indoor pollutant concentrations between models with dynamic and static indoor 
temperatures (Taylor et al. 2014; Dols et al. 2016b).  
To capture the interdependencies between airflow and heat transfer, multizone 
airflow models can be coupled with energy simulation software (McDowell et al. 2003; 
Dols et al. 2016b). EnergyPlus is a well-validated whole-building energy simulation tool 
that utilizes a multizone heat balance model to account for conductive, convective, and 
radiant heat transfer and user-defined inter-zone and infiltration airflows and HVAC 
system dynamics. The National Institute of Standards and Technology (NIST) coupled 
CONTAM with EnergyPlus based on the Functional Mock-up Interface for Co-
simulation specification (MODELISAR 2010; Nouidui et al. 2014). Co-simulation allows 
run-time data exchange between the two programs, so that indoor temperatures and 
HVAC system flow rates determined by EnergyPlus are passed to CONTAM, and inter-
zone airflows and infiltration rates from CONTAM are passed to EnergyPlus. 
In this study, we utilize the CONTAM-EnergyPlus co-simulation model for a 
hypothetical, multifamily building located in Boston, Massachusetts, to determine the 
influence of weatherization and ventilation retrofits on both energy consumption and 
IAQ. We consider variable indoor source scenarios (e.g. cooking and smoking) and 
multiple levels of weatherization and ventilation retrofits informed by various building 
standards to determine “win-win” energy-IAQ intervention scenarios as well as scenarios 
with energy-IAQ tradeoffs. To our knowledge, this is the first study to utilize co-
simulation of two widely-used and publicly available software tools to predict the 
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impacts of multifamily building retrofits on both IAQ and energy consumption. 
 
Methods   
Building model overview 
The Mid-Rise Apartment building model is based on an EnergyPlus building 
template selected from the set of U.S. Department of Energy (DOE) Commercial 
Reference Building models developed by the National Renewable Energy Laboratory 
(NREL) (Deru et al. 2011). NIST developed a corresponding CONTAM representation of 
this building to be compatible with the co-simulation, as outlined previously (Dols et al. 
2016a). The models were further modified to include stair and elevator shafts that enable 
simulation of stack flows that can be particularly important to infiltration, energy use, and 
contaminant transport in multi-story buildings.  
The final models (shown in Figure 3.1 and Figure 3.2) consist of four stories with 
a total building volume of 9641 m3 and floor area of 3163 m2. Each story contains 8 
apartments and a hallway having a stair and elevator shaft at each end. Each of the 32 
apartment units are 269 m3 and 88 m2 in size and assumed to be occupied by a family of 
four. Each apartment was modeled as a single, well-mixed zone served by its own HVAC 
system with cooling and heating thermostatic set points of 24°C and 21°C, respectively. 
The HVAC systems each consisted of a unitary system with a direct expansion cooling 
coil, a natural gas heating coil, and a constant volume supply fan. Each apartment was 
served by a dedicated exhaust system that could be scheduled depending on the 
ventilation system type as explained below. 
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Figure 3.1. Mid-rise Apartment Building in EnergyPlus  
 
 
 
Figure 3.2. Floor plan for levels 1-4 of Mid-rise Apartment Building in ContamW. Within 
each apartment, the black points represent pollutant sources and sinks, air flow paths 
between floors, and air handling unit supply and return paths. Black points along walls 
represent other points of ventilation, including windows and infiltration/exfiltration. 
 
Whole-building ventilation  
Due to the nature of the interventions and their dependence on existing 
ventilation, we constructed three alternative buildings with differing types of whole-
building ventilation systems2 presented below. In all of these systems, the HVAC systems 
                                                        
2 Whole-building ventilation is defined as the continuous provision of fresh outdoor air to dilute 
indoor air Lawrence Berkeley National Laboratory. "Ventilate Right: Ventilation Guide for New and 
Existing California Homes, Step 4. Whole-Building Ventilation Type."   Retrieved January 15, 2018, 
from https://homes.lbl.gov/ventilate-right/step-3-whole-building-ventilation-rate. 
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were autosized as provided in EnergyPlus models. 
1. No continuous whole-building mechanical ventilation. Outdoor air enters via 
unintentional openings (e.g. cracks) in the building envelope due to natural driving 
forces of wind and buoyancy. No outdoor air is introduced directly via the HVAC 
systems, therefore supply fans only operate intermittently in recirculation mode for 
heating and cooling purposes. This scenario is not ASHRAE 62.2-2016 compliant 
due to lack of continuous, whole-building mechanical ventilation. 
2. Whole-building exhaust ventilation. Continuous ventilation is provided via a separate 
exhaust fan set to the minimum rate of 53 cfm for a two bedroom apartment as 
determined by equation 4.1a of ASHRAE 62.2-2016. The HVAC supply fans only 
operate intermittently in recirculation mode for heating and cooling purposes.  
3. Whole-building supply ventilation. Continuous ventilation is provided via an outdoor 
air intake that allows filtered outdoor air to be brought in via the HVAC supply 
system. HVAC supply fans operate continuously while providing the same ventilation 
rate of 53 cfm, as well as providing a constant volume of supply air for heating and 
cooling purposes. Outdoor air intake to each unit is balanced by exhaust air.  
Pollutants and environmental parameters 
Across these three alternative buildings, we considered a range of occupant 
activities that can influence indoor concentrations of PM2.5 in CONTAM. This includes 
two levels of cooking (low or high cooking) and two levels of smoking activity (no 
smoking or 6 cigarettes/day), representing four indoor source scenarios. Pollutant 
emission and deposition rates and schedules were selected from published literature 
  
46 
values (Burke et al. 2001; Long et al. 2001; Klepeis et al. 2003; Klepeis et al. 2006) and 
are presented in Table 3.1. We also modeled infiltration from outdoor sources. Hourly 
outdoor concentrations of PM2.5 were based on concentrations measured from local state 
monitors in Boston, MA, as described elsewhere (Fabian et al. 2012b). Hourly outdoor 
meteorology values (e.g. hourly temperature and relative humidity) were obtained from a 
typical meteorological year (TMY) dataset (Boston Station 14739, 1961-1990: TMY2, 
National Solar Radiation Data Base, National Renewable Energy Laboratory) (National 
Renewable Energy Laboratory). One-year simulations were run with 5 minute time-step 
to capture schedule values and diurnal and seasonal variations.  
 
Table 3.1. PM2.5 sources, emission and removal rates, and corresponding schedules. 
PM2.5 Source Emission/Removal Rate Reference Schedule 
Cigarettes 
(ETS) 
1 mg/min  
(10 mg/cig*1 cig/10 min) 
Klepeis et al. 
(2003)  
2 cigarettes from 7:00-8:00 & 
4 cigarettes 18:00-22:00 
 -0.1/h Klepeis et al. 
(2006) 
Continuous 
Cooking 1.56 mg/min Burke et al. 
(2001) 
Low cooking scenario:  
7:00-7:10 & 18:00-18:20 
High cooking scenario:  
7:00-7:20 & 18:00-19:20  
 -0.19/h Long et al. 
(2001) 
Continuous 
Outdoor No indoor source; deposition rate and schedule same as cooking PM2.5 
 
Building interventions 
We modeled a baseline scenario, a standard intervention package, and a high-
performance intervention package across the 12 combinations of whole-building 
ventilation and indoor source scenarios. Each intervention package included 
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weatherization retrofits (insulation, i.e., increased wall and roof R-values, and sealing, 
i.e., reduced envelope leakage rates) and ventilation improvements (increased filtration, 
i.e., higher MERV values, and local cooking exhaust) (Table 3.2). Ventilation parameters 
were informed by the ASHRAE Standard 62.2-2016, which requires 1) a minimum 
efficiency reporting value (MERV) of 8, 2) local cooking exhaust, and 3) continuous 
provision of outdoor air via whole-building exhaust, supply, or balanced ventilation 
systems. To model the effect of local cooking exhaust that is only active during cooking 
periods, we reduced the PM2.5 emission rate for cooking by 30% based on typical capture 
efficiencies reported previously (Delp et al. 2012; Singer et al. 2012; Lunden et al. 2015). 
Insulation and envelope leakage parameters were based on ASHRAE 90.1-2016 (Energy 
Standard for Buildings Except Low-Rise Residential Buildings) and ASHRAE 189.1-
2014 (Standard for the Design of High-Performance Green Buildings), respectively. 
Each component of the intervention packages was modeled separately and in a step-wise 
fashion to examine the incremental impacts on PM2.5 concentrations, electricity 
utilization, and gas consumption. 
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Table 3.2. Ventilation and weatherization parameters modeled in CONTAM and 
EnergyPlus across baseline and intervention scenarios 
Model Parameters Baseline1 
Standard 
Intervention 
High-Performance 
Intervention 
C
O
N
T
A
M
 
Leakage2 
(m3/h)  
36.7 19.5 4.5* 
HVAC Filtration 
(MERV rating)3 
04 08* 12** 
E
n
er
g
y
P
lu
s 
Wall Insulation 
(R value)4 
12 16* 21** 
Roof Insulation 
(R value)4 
13 30* 35** 
1Baseline values represent conditions for a typical mid-rise multifamily building built between 1960 
and 2010 with greater than average leakage (based on Persily et al. 2014). Italicized values meet (*) or 
exceed (**) the ASHRAE standard indicated by the associated footnote number: 2ASHRAE 189.1-
2014: Standard for the Design of High-Performance Green Buildings Except Low-Rise Residential 
Buildings; 3ASHRAE 62.2-2016: Ventilation and Acceptable Indoor Air Quality in Low-Rise 
Residential Buildings; 4ASHRAE 90.1-2016: Energy Standard for Buildings Except Low-Rise 
Residential Buildings.  
 
Simulation logistics and data analysis 
The indoor environmental conditions and energy consumption of a typical midrise 
multifamily apartment building in Boston, MA were simulated using CONTAM 3.2.0.3 
(NIST, Gaithersburg, MD, USA) coupled with the building energy analysis program 
EnergyPlus 8.5 (U.S. Department of Energy). NIST developed this coupling framework 
and previously published details of model development and evaluation (Dols et al. 
2016a).  
To simplify the editing and simulation of numerous building models, we utilized 
factorial building model generation software developed by NIST to produce paired sets of 
CONTAM and EnergyPlus input files, representing 648 building combinations (3 whole-
building ventilation systems x 4 indoor source scenarios x 3 leakage rates x 3 insulation 
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levels x 3 MERV filter efficiency ratings x 2 cooking exhaust levels (on/off)). We also 
utilized the Boston University Shared Computing Cluster, a heterogeneous Linux cluster, 
to minimize simulation time via parallel processing. Based on a step-wise analysis of all 
factorial dimensions, we chose the two packages of interventions presented in this 
manuscript. 
All data analysis was performed using R version 3.4.0. Simulation results were 
summarized to obtain monthly and annual mean outdoor concentrations of PM2.5, outdoor 
temperature, source-specific indoor concentrations of PM2.5, indoor temperature, and 
whole-building air exchange rate. For indoor values, we report pollutant concentrations 
and temperature from a single 3rd floor corner apartment, and do not consider exposures 
in hallways and other shared spaces. Energy usage is reported in standard cubic feet 
(SCF) for gas and kilowatt hours (kWh) for electricity. 
 
Energy costs  
We monetized the fuel-specific and total energy impacts of each intervention 
scenario using natural gas and electricity prices for Massachusetts in 2016: $0.19 per 
kWh of electricity and $12.46 per 1000 SCF of natural gas (US Energy Information 
Administration). 
Results 
Baseline building characteristics  
Table 3.3 and Table 3.4 present the annual energy consumption and annual 
average indoor pollutant concentrations per apartment, respectively, for the 12 baseline 
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scenarios. Buildings without whole-building mechanical ventilation are associated with 
the lowest heating gas consumption, followed by buildings with exhaust and supply 
ventilation systems (Table 3.3). This pattern reflects the annual average air exchange 
rates, which were 0.40 h-1 in buildings without mechanical ventilation and 0.55 h-1 and 
0.69 h-1 in buildings with exhaust and supply ventilation, respectively. Meanwhile 
electricity utilization associated with space cooling and fan operation was lowest in 
buildings with exhaust ventilation and highest in buildings with supply ventilation (Table 
3.3). Across each indoor source scenario, indoor PM2.5 concentrations were highest in 
buildings lacking whole-building mechanical ventilation and lowest in buildings with 
supply ventilation, with the magnitude dependent on the extent of indoor combustion 
sources (Table 3.4).  
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Table 3.3. Baseline gas and electricity utilization (per apartment) by end use and 
mechanical ventilation system in a simulated multifamily building.  
Ventilation 
type 
Infiltration Rate Gas (x1000 SCF) Electricity by end use (kWh) 
(h-1) Heating Cooling Fans1 Total2 
No mechanical 
ventilation 
0.40 28 600 560 1200 
Exhaust 0.55 34 580 530 1100 
Supply 0.69 37 640 1400 2100 
1 Electricity utilized by all supply, return, and exhaust fans (excluding local cooking exhaust).  
2 Total electricity used for space cooling and fan utilization. Subcomponents may not add to totals 
due to rounding. 
 
Table 3.4. Simulated, annual average indoor PM2.5 concentrations by pollutant source 
across indoor source activities and mechanical ventilation systems for baseline scenarios.  
Ventilation type Indoor source activity 
Indoor PM2.5 (µg/m
3) by source 
Outdoor Indoor Total 
No Mechanical 
Ventilation 
Smoking 
High Cooking 
7.3 
36 43 
Low Cooking 25 32 
No Smoking 
High Cooking 22 29 
Low Cooking 11 18 
Exhaust Ventilation 
Smoking 
High Cooking 
8.2 
26 34 
Low Cooking 18 26 
No Smoking 
High Cooking 16 24 
Low Cooking 8 16 
Supply Ventilation 
Smoking 
High Cooking 
8.0 
21 29 
Low Cooking 15 23 
No Smoking 
High Cooking 13 21 
Low Cooking 7 15 
 
 
Intervention impacts on electricity and gas consumption 
Figure 3.3 and Figure 3.4 display the predicted changes in gas consumption and 
electricity utilization, respectively, attributable to standard and high-performance 
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interventions for each of the three whole-building ventilation configurations. Across all 
buildings, the combination of standard insulation and sealing reduced natural gas 
consumption for heating by 6.2 to 7.0 thousand SCF per apartment per year (Figure 3.3), 
corresponding to 18% to 20% reductions in energy consumption compared to baseline. 
High-performance insulation and sealing resulted in gas consumption savings of 13 
thousand to 15 thousand SCF per apartment per year, representing a 41% to 45% change 
compared to baseline. While energy benefits were greatest with a combination of 
insulation and sealing, reduced leakage from sealing was the driver of these benefits, 
especially in the high-performance intervention (Figure 3.3).  
 
 
Figure 3.3. Change in annual heating gas consumption per apartment due to the standard 
(top panel) and high-performance interventions (bottom panel) across three types of whole-
building mechanical ventilation methods. 
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Figure 3.4. Change in annual electricity use per apartment and end use (C = cooling, F = 
HVAC and whole-building exhaust fans, T = total of cooling + fans) following the standard 
(top panel) and high-performance interventions (bottom panel) across three types of whole-
building mechanical ventilation methods. 
 
Compared to gas consumption benefits, relative changes in electricity utilization 
associated with cooling and fan operation were lower (less than 15% compared to 
baseline across all ventilation scenarios and intervention levels) and displayed greater 
variability by building type (Figure 3.4). Overall, the combination of standard insulation 
and sealing led to electricity decreases of 60 kWh, 71 kWh, and 136 kWh per apartment 
per year in buildings without mechanical ventilation, with exhaust ventilation, and supply 
ventilation, respectively. The corresponding decreases for high-performance 
interventions were 105 kWh, 160 kWh, and 147 kWh. The differential patterns relate to 
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the impact of interventions on space cooling and HVAC supply fan operation. Sealing led 
to increases in cooling electricity as a result of the loss of “free cooling” during the spring 
and fall months when the infiltration of cooler air can reduce indoor heat gains (results 
not shown). In buildings without mechanical ventilation or with exhaust ventilation, these 
increases were offset by large reductions in supply fan electricity associated with less 
heating. However, the increases in cooling electricity were not offset for buildings with 
supply ventilation due to the fact that system fans would be running continuously to 
provide fresh outdoor air regardless of heating demands. The effects of higher efficiency 
MERV HVAC filtration and local cooking exhaust on energy consumption are not 
modeled. 
Intervention impacts on indoor PM2.5  
Figure 3.5 displays simulated mean changes in total indoor PM2.5 concentrations 
due to the standard and high-performance interventions across the 12 combinations of 
building type and indoor source activity. The interventions are implemented step-wise 
and include weatherization (i.e. insulation and sealing) and ventilation improvements (i.e. 
HVAC filtration and local cooking exhaust). Across all 12 combinations, the combined 
standard weatherization intervention (insulation plus sealing) led to increases in indoor 
PM2.5 concentrations ranging from 2 g/m3 to 12 g/m3 while the high-performance 
weatherization intervention led to increases of 3 g/m3 to 75 g/m3 (Figure 3.5). These 
disbenefits were overwhelmingly driven by sealing, while insulation alone increased 
indoor concentrations by less than 1 g/m3 in all cases. For the indoor source scenarios, 
increases were highest in magnitude in the buildings without mechanical ventilation, 
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followed by exhaust ventilation, and lowest in buildings with supply ventilation.  
 
Figure 3.5. Change in annual average indoor PM2.5 concentrations due to the standard (top 
panel) and high-performance (bottom panel) interventions for three ventilation methods. 
Intervention retrofits (R): R1 = sealing only, R2 = sealing + insulation, R3 = insulation + 
sealing + upgraded HVAC MERV filtration, R4 = all retrofits (insulation + sealing + 
upgraded HVAC MERV filtration + local cooking exhaust) 
Under the standard intervention, the addition of higher efficiency HVAC filtration 
led to net reductions in PM2.5 for all building types and indoor source activity levels. For 
the high-performance intervention, higher efficiency HVAC filtration coupled with 
sealing and insulation only provided PM2.5 reductions for buildings with supply 
ventilation (Figure 3.5). For buildings without whole-building mechanical ventilation or 
with exhaust ventilation, the combination of higher efficiency HVAC filtration plus local 
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cooking exhaust led to PM2.5 reductions in non-smoking apartments, but concentrations 
remained elevated relative to baseline in apartments with smokers (Figure 3.5).  
Indoor air quality and energy cost tradeoffs  
Figure 3.6 highlights the potential trade-offs between changes in IAQ and energy 
costs associated with implementing standard and high-performance interventions across 
two indoor source scenarios (i.e. low cooking and high cooking plus smoking) and all 
three building types. Since buildings without whole-building mechanical ventilation are 
not ASHRAE 62.2 compliant, we consider the addition of exhaust and supply ventilation 
as if they were retrofits to the baseline buildings without mechanical ventilation. Figure 
3.7 presents the combined impact of each intervention with the addition of either exhaust 
or supply ventilation to the building without whole-building mechanical ventilation. 
While all points in the lower quadrants (i.e., negative values indicating reduced energy 
costs) represent cost saving interventions, all points in the left quadrants represent 
interventions with IAQ benefits (i.e. decreased annual average PM2.5 concentrations). 
Therefore, any scenario in the lower left quadrant represents an IAQ and energy “win-
win” scenario in which both energy savings and PM2.5 improvements are achieved.  
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Figure 3.6. Change in total indoor PM2.5 concentrations and energy costs (gas + electric) per apartment due to standard and high-
performance weatherization (i.e. insulation and sealing) and ventilation retrofits (i.e. local cooking exhaust and upgraded HVAC 
MERV filtration) across three ventilation methods. 
 
 
Figure 3.7: The impact of standard and high-performance interventions on total indoor PM2.5 concentrations and energy costs (gas 
+ electricity) per apartment in the building with no whole-building mechanical ventilation (a) with no whole-building mechanical 
ventilation changes or with the addition of either whole-building (b) exhaust ventilation or (c) supply ventilation.  
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Our models predict that standard weatherization retrofits will reduce energy costs 
by $89, $101, and $111 per apartment per year in buildings without mechanical 
ventilation, with exhaust ventilation, and with supply ventilation, respectively (Figure 
3.6); however, across all building types and indoor source scenarios, these weatherization 
retrofits will also lead to increases in PM2.5 unless local cooking exhaust is installed and 
HVAC filtration is upgraded. Therefore, under the standard intervention, IAQ-energy 
“win-win” outcomes require the application of a full intervention (i.e. weatherization plus 
ventilation improvements.)   
The high-performance intervention led to greater total energy savings than the 
standard intervention ($186, $219, and $225 per apartment in non-mechanically 
ventilated, supply ventilated, and exhaust ventilated buildings, respectively), but fewer 
energy-IAQ “win-win” outcomes. In buildings without mechanical ventilation or with 
exhaust ventilation, only non-smoking apartments receiving the full high-performance 
intervention achieved both energy savings and lower indoor PM2.5. Meanwhile, in 
buildings with supply ventilation, the full high-performance intervention led to energy 
savings and lower levels of PM2.5 in both smoking and non-smoking apartments. Across 
both buildings, weatherization alone provided energy savings, but also led to PM2.5 
disbenefits, which were greatest in smoking homes.   
A comparison of intervention impacts in the non-mechanically ventilated building 
with and without ASHRAE-compliant whole-building ventilation (Figure 3.7) 
demonstrates that both whole-building exhaust and supply ventilation systems were 
associated with an energy penalty, but led to greater reductions of indoor PM2.5 and more 
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“win-win” intervention outcomes compared to buildings without mechanical ventilation. 
When buildings without mechanical ventilation were upgraded with whole-building 
exhaust systems, all full intervention packages resulted in “win-win” outcomes (Figure 
3.7, Panel b), despite the energy penalty associated with added ventilation. If the 
buildings without mechanical ventilation had instead been upgraded with supply 
ventilation (Figure 3.7, Panel c), indoor concentrations would have been reduced even 
further; however, the energy penalty associated with supply ventilation was so large that 
all interventions resulted in net increases in energy costs. 
Discussion 
In this study, we demonstrate the insights that coupled IAQ and energy models 
can provide on the economic and indoor environmental impacts of residential 
weatherization and ventilation interventions. The strength of our CONTAM-EnergyPlus 
co-simulation model is that it directly predicts both IAQ and energy impacts, while 
accounting for the interdependencies between heat transfer, interzone and infiltration 
airflows, and contaminant transport in mid-rise multifamily buildings. Therefore, unlike 
many previous studies, our model can directly account for convective heat losses 
associated with infiltration and conductive heat transfer across the building envelope, 
allowing the potential to more precisely predict IAQ and energy performance responses 
to building sealing and insulation measures, respectively. Overall, the results emphasize 
that combined investments in weatherization measures and improved ventilation and 
filtration can lead to both energy savings and IAQ-related benefits; however, the 
magnitude of these benefits vary by the presence and type of mechanical ventilation, the 
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performance level of retrofits, and indoor occupant activity, i.e., contaminant generation 
rates. 
From an energy perspective, these “win-win” outcomes are driven by net savings 
in energy costs due to insulation and sealing retrofits that increase the thermal resistance 
of the building envelope and reduce the infiltration of unconditioned air, respectively. We 
find that these weatherization-related energy benefits are scalable, with the high-
performance interventions producing substantially greater cost savings compared to the 
standard interventions across buildings with different types of whole-building ventilation. 
Meanwhile, we find that weatherization measures that reduce ventilation rates, such as 
building tightening, can lead to higher concentrations of indoor PM2.5. The opposing 
effects of weatherization on energy and indoor pollutants are expected based on first 
principles of heat transfer and pollutant transport, respectively, and align with current 
consensus in the literature (Emmerich et al. 2005; Shrubsole et al. 2012). The novel 
contribution of our study is the ability to quantify both energy and IAQ with 
consideration of variable occupant activity utilizing an integrated set of building models 
that are easily configurable to address a wide range of scenarios.  
We also found that more stringent weatherization measures, as part of the high-
performance interventions, can lead to greater increases in indoor PM2.5 compared to 
those modeled in the standard intervention, particularly in homes with strong indoor 
sources (i.e. high cooking and smoking) and no whole-building mechanical ventilation. 
These results are in line with previous modeling evidence of substantial increases in 
concentrations of indoor sourced pollutants at high degrees of airtightness (Milner et al. 
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2015), and reinforce the fact that advanced building sealing measures should be 
implemented with caution because even small incremental increases in building tightness 
can lead to substantial IAQ disbenefits for some building populations. 
Furthermore, ventilation measures that meet or even exceed minimum 
requirements may not be sufficient to avoid IAQ disbenefits across homes with different 
indoor source activity. For example, in smoking apartments without whole-building 
mechanical ventilation or with whole-building exhaust ventilation, additional source 
control policies, such as no-smoking interventions, would be required to implement high-
performance interventions without IAQ disbenefits. While green building guidelines and 
standards (e.g. EPA’s Energy Savings Plus Health, 2016) often suggest source control 
policies, IAQ benefits will ultimately rely on compliance from occupants and 
neighboring apartments. 
Meanwhile, all buildings with supply ventilation at baseline achieve IAQ and 
energy benefits from the full high-performance intervention. While the whole-building 
exhaust and supply ventilation systems were sized to bring in equal amounts of outdoor 
air, PM2.5 increases were expected to be lowest in the buildings with supply ventilation 
for two primary reasons. First, all outdoor air provided by supply ventilation is filtered, 
whereas exhaust-only ventilation brings in additional unfiltered outside air via 
infiltration. Second, in multifamily buildings, there is no guarantee that the infiltrating air 
is fresh outdoor air; it may also come from neighboring apartments, thereby increasing 
the potential for cross-contamination. This points to the importance of multifamily-
specific energy efficiency guidelines (e.g. EPA’s Energy Savings Plus Health: Indoor Air 
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Quality Guidelines for Multifamily Buildings, 2016) that include recommendations for 
compartmentalization, which has been shown to reduce the infiltration of PM2.5 
concentrations from tobacco smoking between adjacent apartments in multifamily 
buildings (Fabian et al. 2016). 
From an energy perspective, our model highlights the challenges that buildings 
without mechanical ventilation face when attempting to meet the ventilation requirements 
of ASHRAE 62.2. As expected, we find that the addition of whole-building mechanical 
ventilation to meet the ASHRAE 62.2 standard is associated with an energy penalty due 
to additional fan operation and heat losses from the provision of unconditioned outside 
air. However, in our models, the energy penalty associated with exhaust ventilation is 
offset by weatherization-related energy savings. In contrast, the addition of supply-based 
ventilation leads to net increases in energy costs due to the larger HVAC supply fan size 
and the fact that all air provided by the supply system is unconditioned outdoor air 
whereas the additional infiltration from exhaust ventilation may be sourced from other 
conditioned apartments. This in line with knowledge from current practice and an 
EnergyPlus modeling study that found exhaust ventilation to be the most cost-effective 
method of meeting ASHRAE ventilation standards (Sherman et al. 2007).  
This study provides insight into maximizing “win-win” outcomes by minimizing 
ventilation-related energy consumption. By modeling energy savings by fuel and end use, 
we find that while weatherization retrofits provide heating gas consumption benefits 
across all buildings regardless of ventilation system, their impacts on electricity 
utilization are more nuanced due to multiple end uses. In particular, sealing leads to slight 
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increases in cooling electricity across all ventilation systems. Potential design choices 
exist to remedy this effect, including economizers, thermostatic control, and intermittent 
ventilation. Additionally, resizing the supply fan to account for the increased heating 
efficiency of the building following sealing measures may greatly reduce energy impacts. 
Although our study has a number of strengths given the novel modeling platform 
and physically interpretable outputs, some limitations should be acknowledged. First, we 
modeled each apartment as a single, well-mixed zone, limiting our ability to directly 
simulate local exhaust ventilation. To avoid underestimating the effect of local cooking 
exhaust, we reduced the emission rate to reflect previously observed capture efficiencies 
(Delp et al. 2012; Singer et al. 2012; Lunden et al. 2015). Future CONTAM-EnergyPlus 
co-simulation models could utilize the multizone modeling and exhaust system 
capabilities of each program to directly measure associated energy impacts, which were 
assumed small and not evaluated in the current study. We also did not account for energy 
increases due to flow resistance associated with high-efficiency HVAC MERV filters. 
While the potential for energy impacts due to higher efficiency HVAC filtration is 
supported by previous literature (Montgomery et al. 2015), the evidence is too limited to 
incorporate into our site-specific model with certainty, and neither CONTAM nor 
EnergyPlus currently has a built-in mechanism to assess this effect.  
While we modeled variable indoor source activity, we could not fully account for 
the full extent of variability in human activity, including flexible cooking schedules and 
the use of windows or fans for natural ventilation. Since the current building models were 
regulated by a thermostat year-round, the assumption of closed windows is reasonable 
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and only random variation in window-opening activity would be expected, minimally 
affecting results. However, from an IAQ perspective, the assumption of closed windows 
does not account for changes in natural ventilation in response to elevated pollutant 
concentrations from cooking or smoking, which could mitigate some of the higher 
modeled concentrations. In terms of cost, we estimated the annual savings due to various 
interventions, but did not calculate the installation costs, which would be required in 
order to reach definitive conclusions regarding the most cost-effective interventions. 
Lastly, we modeled a defined set of intervention scenarios in a single multifamily 
building in Boston, MA, so our current results may not generalize to other climates, 
settings with differing outdoor pollution profiles, and other interventions; however, our 
modeling platform is flexible and can readily accommodate these alternative scenarios in 
future analyses.  
In spite of these limitations, our model results were comparable to previously 
reported data. According to the 2009 Residential Energy Consumption Survey, 
households in multifamily buildings with five or more units in the northeastern U.S. used, 
on average, 457 kWh electricity for air conditioning versus 580-640 kWh in our baseline 
model and 38,000 SCF natural gas for space heating vs. 28,000 – 37,000 SCF in our 
baseline model (US Energy Information Administration 2013). Our simulated indoor 
PM2.5 results similarly align with previous field-based literature. In a cohort of Boston 
metropolitan area homes that were primarily non-smoking, multifamily units, Baxter et 
al. measured a mean indoor PM2.5 concentration of 20 μg/m3 (ranging from 8 to 
75 μg/m3) (Baxter et al. 2007), which falls within the 15 to 29 μg/m3 range of simulated 
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indoor PM2.5 concentrations in our baseline, non-smoking models. Meanwhile, Van 
Deusen et al. measured average PM2.5 concentrations of 63 μg/m3 (range = 14-194) and 
84 μg/m3 (ranging from 23 to 285 μg/m3) in rooms near and distal to residents smoking 
44 cigarettes/day (Van Deusen et al. 2009) and Wallace et al. reported average 
concentrations of 133 μg/m3 and 66 μg/m3 in homes with smoking rates of 7 and 4 
cigarettes/day, respectively (Wallace et al. 2006). In our smoking models, we simulated 
indoor PM2.5 concentrations ranging from 23 μg/m3 to 43 μg/m3, which are lower than the 
previously cited literature, but reasonable considering a smoking rate of 6 cigarettes/day 
and year-round HVAC filtration in all models. More generally, our findings align with 
trends from previous simulation studies of nationally and regionally representative sets of 
single and multifamily homes in the U.S. and U.K. (Logue et al. 2013; Markley et al. 
2014a; Hamilton et al. 2015; Levy et al. 2016b). 
Conclusions 
Overall, our model offers valuable insights regarding the IAQ and energy 
implications of residential weatherization and ventilation retrofits recommended by 
current building standards. By coupling two well-validated building physics models, we 
were able to account for the complex and inter-dependent relationship between energy, 
airflow, and pollutant transport modeling in multifamily buildings to more precisely 
predict IAQ-energy “win-win” intervention outcomes compared to previous energy- or 
IAQ-only models. The benefits of these interventions varied by the presence and type of 
whole-building mechanical ventilation, intervention performance level, and indoor 
occupant activity. Importantly, we found that some combinations of weatherization and 
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ventilation measures that meet or exceed building standards may lead to IAQ disbenefits 
for some populations (e.g. high cooking and smoking households with whole-building 
exhaust ventilation who receive the full high-performance intervention) and an increase 
in energy costs for others (e.g. homes without whole-building mechanical ventilation that 
upgrade to supply ventilation). Despite the limited generalizability of our current results, 
our modeling platform can accommodate alternative assumptions regarding outdoor 
weather and pollutant profiles, building configurations, and intervention types. Therefore 
it stands as a valuable tool for identifying combinations of retrofits prescribed by 
different building standards that will provide both IAQ and energy savings across diverse 
residential populations. 
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CHAPTER FOUR: The impacts of energy-efficient interventions on population 
health, indoor environmental health, and energy costs: a simulation study of 
multifamily housing 
 
Abstract 
Residential energy-efficiency measures such as weatherization and ventilation 
improvements can have important impacts on costs related to direct energy utilization, 
resident health outcomes associated with indoor air quality (IAQ), and general population 
health influenced by ambient air quality. In this study, we estimated the seasonal and 
annual impacts of energy retrofits in a gas-heated midrise multifamily building in Boston, 
MA across these three dimensions using a combination of 1) IAQ-energy co-simulation 
modeling (CONTAM/EnergyPlus), 2) energy-to-emissions modeling for both power 
plants (AVERT) and residential combustion, 3) fine particulate matter (PM2.5) health 
impact assessment using CONTAM outputs for IAQ and regional-scale atmospheric 
dispersion models (CMAQ-DDM) for outdoor emissions, and 4) monetization of health 
outcomes. We found that comprehensive interventions that included both weatherization 
and ventilation improvements provided benefits related to energy costs, resident health, 
and general population health that varied by intervention type, performance level, and 
season. General population health benefits were approximately 8% of direct economic 
savings and were heavily driven by reduced gas consumption and associated nitrogen 
oxide emissions in wintertime. The ratio between population health benefits and 
economic savings was approximately 1.5 to 3 times greater for electricity than for 
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residential combustion. Meanwhile, interventions without ventilation improvements led 
to increases in indoor PM2.5 concentrations and associated monetized indoor 
environmental health disbenefits that greatly outweighed direct energy savings and 
population health benefits. Overall, our results underline the importance of holistic 
energy-efficient interventions that explicitly consider IAQ, and our analytical framework 
can be utilized in future trade-off analyses to inform health-protective, cost-effective 
implementation approaches. 
Background 
Residential energy-efficient building interventions such as weatherization can 
result in direct economic savings, but can also influence the health of residents due to 
changes in indoor air quality (IAQ) and the health of the general population through 
reductions in ambient air pollution. Weatherization measures, such as air sealing and 
insulation, aim to reduce heating and cooling demands, which account for up to half of all 
energy consumption in the residential sector (Logue et al. 2013). These measures have 
the potential to impact ambient pollutant concentrations through the reduction of 
emissions from residential combustion of fossil fuels and fossil-fuel fired electricity 
generating units (EGUs), including sulfur dioxide (SO2), nitrogen oxides (NOx), and 
primary fine particulate matter (PM2.5). Ambient PM2.5, including primarily emitted 
particles as well as secondary particles formed from SO2 and NOx, has been associated 
with a range of health outcomes, including cardiopulmonary disease and mortality (Samet 
et al. 2000; Pope III et al. 2002; Dominici et al. 2006). 
Energy-efficient building interventions can also influence IAQ and associated 
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health outcomes of building residents. As evidenced by several field investigations, 
interventions that improve the thermal quality and relative humidity in housing can have 
corresponding reductions in cold-related mortality, hypertension, and heart disease (Tohn 
Environmental Strategies 2016), as well as reduced allergen exposures and respiratory 
symptoms (e.g. asthma) (Breysse et al. 2011; Colton et al. 2014). However, most of these 
studies reporting positive impacts are due to a combination of weatherization and 
ventilation improvements as part of green and/or healthy-housing initiatives. Other field 
studies have reported negative impacts on health (Sharpe et al. 2015), but without formal 
characterization of which retrofits contributed to observed disbenefits. Meanwhile, 
simulation studies have demonstrated that energy-efficient measures such as air sealing 
without additional ventilation can lead to lower air exchange rates, resulting in increased 
concentrations of indoor-sourced pollutants, such as PM2.5 (Emmerich et al. 2005; Fabian 
et al. 2012b; Underhill et al. 2017), and corresponding health impacts (Sundell et al. 
2011; Fabian et al. 2012a; Hamilton et al. 2015).  
The complex relationship among economics, general population health, and the 
health of building residents is further complicated in multifamily housing, in which 
approximately 20% of the U.S. population lives (Noris et al. 2013). For example, while 
incentives exist for low-income residents through government programs that help 
subsidize installation costs (e.g. U.S. Weatherization Assistance Program) (U.S. Code of 
Federal Regulations), the economics are complicated in multifamily rental buildings, 
given issues such as split incentives where owners cover implementation costs while 
residents experience the majority of direct benefits (Ross et al. 2016). Additionally, 
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multifamily rental units are predominantly occupied by low- and middle-income 
populations in urban settings (Ross et al. 2016), in which smoking rates (Giovino et al. 
1994) and baseline rates of respiratory illness tend to be higher (Moorman et al. 2007). 
This may increase the salience of IAQ for residential health, but this is rarely formally 
considered in determining energy efficiency policies.  
In spite of the importance of a more refined understanding of the potential trade-
offs among costs related to direct energy savings, indoor environmental health, and 
general population health impacts, no study to our knowledge has modeled all three of 
these dimensions together. For example, by simulating the energy consumption of single-
family homes across the U.S. retrofitted with recommended insulation levels and 
estimating emissions and resulting ambient air quality changes from EGUs and 
residential combustion, Levy et al. (2016) demonstrated substantial direct savings from 
energy benefits as well as general population health co-benefits and related costs (Levy et 
al. 2016a). However, this study did not formally consider the indoor environment. Other 
studies have utilized building simulation and health impact models to evaluate changes in 
health costs related to indoor exposures following energy-efficient retrofits in comparison 
to approximate installation costs, but without the ability to directly model energy benefits 
(Fabian et al. 2014). The few studies that estimate indoor environmental health outcomes 
have focused on selected outcomes based on short-term exposures, such as asthma 
symptoms (Colton et al. 2015) or lost days of work and school (Chapman et al. 2009). A 
gap remains in the literature regarding the impacts on health outcomes related to long-
term exposures that tend to drive economic valuation of public health benefits (Maidment 
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et al. 2014), such as premature mortality.  
In the current study, we develop and apply a framework for estimating the 
impacts of energy-efficient interventions on energy consumption, indoor environmental 
health, and general population health. As demonstrated in Chapter 3, building energy and 
contaminant transport models can be combined to directly simulate the IAQ and energy 
impacts of energy-efficient renovations while accounting for the interdependencies 
between airflow, pollutant transport, and thermal dynamics. We apply this IAQ-energy 
model to a mid-rise multifamily building template set in Boston, MA to predict the 
influence of multiple levels of weatherization and ventilation retrofits informed by 
building standards on indoor PM2.5 concentrations and energy consumption. As 
previously done (Levy et al. 2016a; Levy et al. 2016b), we predict residential combustion 
and EGU emissions impacts by state using residential emission factors and electricity 
dispatch modeling, respectively, and we connect these emissions changes with results 
from atmospheric dispersion models to determine population exposure implications. 
Lastly, we translate household and population exposure changes into health impacts and 
monetize them for a full comparison of direct energy savings, indoor environmental 
health impacts, and general population health impacts.  
 
Methods 
The conceptual model in Figure 4.1 outlines the primary components of our 
simulation framework, including 1) IAQ-energy co-simulation, 2) EGU and residential 
combustion emissions modeling, 3) public health impact assessment, and 4) utility and 
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health cost modeling. Each component is described in detail below. 
IAQ-energy co-simulation model overview 
We conducted an IAQ and energy analysis of a typical midrise multifamily 
apartment building in Boston, MA using a co-simulation model of CONTAM 3.2.0.3 
(NIST, Gaithersburg, MD, USA) and EnergyPlus 8.5 (U.S. Department of Energy). We 
used a subset of templates previously developed and applied to study the energy and IAQ 
effects of weatherization and ventilation retrofits in multifamily housing (Chapter 3). The 
templates were for a building four stories high with eight 89 m3 apartments per story, for 
a total of 32 apartments. Every apartment in the building was modeled as a single, well-
mixed zone, each with a dedicated HVAC system and thermostat. We simulated 
buildings without whole-building mechanical ventilation so that outdoor air only entered 
via unintentional openings, such as cracks in the building envelope, as is typical of older 
housing in Boston. Supply fans only operated in recirculation model for heating and 
cooling purposes.  
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Figure 4.1. Conceptual model for simulating the impacts of energy-efficient interventions in a midrise multifamily building on 
IAQ, energy consumption, outdoor emissions, public health, and related costs 
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We modeled indoor and outdoor concentrations of PM2.5, temperature, and 
airflows in a household with low cooking levels (30 minutes per day) and no smokers 
across three scenarios: 1) at baseline, and following the implementation of 2) a standard 
building intervention package and 3) a high performance building intervention package. 
Each intervention package consisted of weatherization measures (i.e. insulation modeled 
as increased wall and roof R-values and air sealing modeled as reduced envelope leakage 
rates) and ventilation improvements (increased filtration from higher MERV values and 
local cooking exhaust) (Table 4.1). Insulation and sealing parameters were informed by 
ASHRAE 90.1-2016 (Energy Standard for Buildings Except Low-Rise Residential 
Buildings) and ASHRAE 189.1-2014 (Standard for the Design of High-Performance 
Green Buildings), respectively, while ventilation parameters were based on ASHRAE 
Standard 62.2-2016 (Table 4.1). Local cooking exhaust was modeled during cooking 
periods by reducing the PM2.5 emission rate for cooking by 30% based on typical capture 
efficiencies reported previously (Delp et al. 2012; Singer et al. 2012; Lunden et al. 2015). 
The base emission rate for PM2.5 from cooking was 1.56 mg/min (Burke et al. 2001) and 
the deposition rate for both cooking-sourced and outdoor-sourced PM2.5 was -0.19/h 
(Long et al. 2001). Cooking occurred from 7-7:10am and 6-6:20pm, while deposition was 
continuous. 
Simulations were run for 24 hours each day for one year to capture diurnal and 
seasonal variations. All intervention measures were simulated separately and in a step-
wise fashion to demonstrate the separate, incremental, and packaged impacts.  
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Table 4.1. Ventilation and weatherization parameters modeled in CONTAM and 
EnergyPlus across baseline and intervention scenarios 
Model Parameters Baseline1 
Standard 
Intervention 
High-Performance 
Intervention 
C
O
N
T
A
M
 
Leakage2 
(m3/h)  
36.7 19.5 4.5* 
HVAC Filtration 
(MERV rating)3 
04 08* 12** 
E
n
er
g
y
P
lu
s 
Wall Insulation 
(R value)4 
12 16* 21** 
Roof Insulation 
(R value)4 
13 30* 35** 
1Baseline values represent conditions for a typical mid-rise multifamily building built between 
1960 and 2010 with greater than average leakage (based on Persily et al. 2014). Asterisked values 
meet (*) or exceed (**) the ASHRAE standard indicated by the associated footnote number: 
2Adapted from ASHRAE 189.1-2014: Standard for the Design of High-Performance Green 
Buildings Except Low-Rise Residential Buildings; 3Adapted from ASHRAE 62.2-2016: 
Ventilation and Acceptable Indoor Air Quality in Low-Rise Residential Buildings; 4Adapted from 
ASHRAE 90.1-2016: Energy Standard for Buildings Except Low-Rise Residential Buildings.  
 
EGU and residential combustion emissions modeling 
Emissions of SO2, NOx, and primary PM2.5 (filterable plus condensable) from 
residential heating gas consumption were estimated using residential emission factors 
previously developed for EPA’s 2011 National Emissions Inventory (U.S. EPA 2011a). 
We focused on these three pollutants due to their contribution to the formation of ambient 
PM2.5, which is believed to contribute the most significant risks to human health 
compared to other criteria pollutants (Fabio Caiazzo 2013).  
 To predict EGU-specific emissions impacts, we utilized the AVERT (AVoided 
Emissions and geneRation Tool) Version 1.6 electricity dispatch model (U.S. EPA) with 
2016 Northeast regional data files. Based on historical patterns of electricity generation 
and emissions, the AVERT model estimates emissions differences for individual power 
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plants within an electricity dispatch region likely to result from hourly changes in 
electricity utilization. For this study, we calculated the change in hourly site electricity 
utilization between the baseline scenario and four components of the interventions – 1) 
insulation only, 2) sealing only, 3) insulation plus sealing, 4) insulation, sealing, and 
ventilation improvements (i.e. improved HVAC MERV filtration and local cooking 
exhaust) – for both the standard and high-performance interventions. We applied a site-
to-source electricity factor of 3.167 (U.S. EPA) to hourly site data and input the resulting 
hourly source energy into AVERT.  
From our modeled building in Massachusetts (which we scaled up by a factor of 
50,000 to provide a sufficient signal, noting that previous work demonstrated only 
modest sensitivity to scale) (Levy et al. 2017), AVERT predicted electricity generation 
and emissions impacts from EGUs in seven states in the Northeast region: Massachusetts, 
Connecticut, New Hampshire, Maine, New York, New Jersey, and Vermont. From these 
outputs, we estimated SO2 and NOx emissions changes by state and season. Due to 
limitations with available data consistent with AVERT we did not extract primary PM2.5 
emissions. However, we expect only a minimal downward bias since 95% of PM2.5 
impacts have been attributed to secondary PM2.5 formation from SO2 and NOx emissions 
(U.S. EPA 2011b).  
Public health impact assessment 
Health impact modeling includes two separate components: 1) evaluation of 
changes in resident health risks associated with modeled IAQ impacts, and 2) evaluation 
of changes in population health risk associated with regional pollutant concentrations 
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impacted by EGU and residential combustion emissions. Although both components in 
this study focus on PM2.5-related mortality, the analytical approach differs given 
differences in available data as well as the exposure microenvironments. 
One challenge in estimating health impacts associated with indoor PM2.5 is the 
fact that most existing concentration-response functions (CRFs) for PM2.5 were derived 
for outdoor concentrations of PM2.5 and therefore cannot be applied to indoor exposures 
without some adjustments. Therefore, to estimate the health impacts associated with 
changes in indoor PM2.5 concentrations due to each building intervention in this study, we 
applied adjustments to the CRF based on the ambient air pollution literature, as detailed 
below: 
∆𝑦 = 𝑦0(𝑒
(𝛽𝑖𝑛 × 𝐶𝑖𝑛) − 1) × 𝑃𝑜𝑝        (1) 
𝛽𝑖𝑛 = 𝛽0 × 𝐹𝑏 × 𝑇                            (2) 
 
where Δy is the change in premature mortality among building residents (per 
year), y0 represents the baseline mortality rate among building residents, βin is a modified 
CRF for indoor concentrations, Cin represents changes in indoor PM2.5 concentrations, T 
is the fraction of time spent indoors, and Pop is the total population of residents living in 
the building.  
To characterize βin, we first note that the central estimate for the CRF used for our 
population health risk model (β0) is a 1% increase in premature mortality for every 1 
μg/m3 increase in ambient PM2.5. This estimate falls within the range of central estimates 
from several large cohort studies in the United States (Krewski et al. 2009; Lepeule et al. 
2012), and aligns with results from an expert elicitation study conducted by the EPA 
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(Roman et al. 2008). We assumed these estimates were derived from populations with 
typical time-activity profiles, in which 13% of time is spent outside or in a vehicle, 69% 
of time at home, and 18% in other indoor environments, for a total of 87% of time 
indoors (Klepeis et al. 2001). We also assumed a population-average PM2.5 infiltration 
factor of 0.6 (Chen et al. 2011).  
Applying these assumptions, we estimated that a 1 μg/m3 increase in ambient 
PM2.5 would correspond to the same increase in mortality as 0.65 μg/m3 of personal 
exposure, which is the total concentration of ambient PM2.5 in the outdoor environment 
weighted by time spent outdoors plus the concentration of ambient PM2.5 infiltrating 
indoors weighted by time spent indoors (i.e., 0.13*1 μg/m3 + [0.87*0.6]*1 μg/m3). 
Therefore, to estimate changes in mean personal PM2.5, we would have multiplied our 
central estimate CRF (β0) by an approximate factor (Fb) of 1.5 (i.e., 1/0.65). However, 
since we were interested in estimating health impacts due to changes in indoor PM2.5, we 
multiplied β0 by the product of 1.5 and the fraction of time spent indoors, T. In other 
words, a 1 μg/m3 increase in residential indoor PM2.5 would correspond to 0.69 μg/m3 of 
personal exposure given time-activity patterns (i.e., 69% of time spent indoors at home). 
Overall, we estimated βin as a 1.1% increase in mortality per 1 μg/m3 of residential indoor 
PM2.5 concentrations. Our approach was informed by several previous studies that used 
modified CRFs to predict the health impacts of indoor exposures (MacIntosh et al. 2010; 
Logue et al. 2012; Zhao et al. 2015; Milner et al. 2017).  
To estimate population health risk, we applied previously developed health 
damage functions (HDFs) that predict changes in premature mortality across the US per 
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1000 tons of emissions of a pollutant from a specific state, source sector, and season 
(Levy et al. 2016a). These HDFs were calculated using pollutant concentrations modeled 
using the Community Multiscale Air Quality (CMAQ) model v. 4.7.1 with the direct 
decoupled method (DDM) in three dimensions, a mortality CRF consistent with β0, and 
state-specific baseline mortality rates for the US population aged 25 and over from 2001 
to 2010 (Centers for Disease Control and Prevention 2014). Additional details of model 
development have been published previously (Levy et al. 2016a). All months from 
October to March are considered winter while April through September is considered 
summer.   
Utility and health cost modeling  
We monetized the fuel-specific and total energy impacts of each intervention 
scenario using natural gas and electricity prices for Massachusetts in 2016: $0.19 per 
kilowatt hour (kWh) of electricity and $12.46 per 1000 standard cubic feet (SCF) of 
natural gas (US Energy Information Administration). To monetize indoor environmental 
health and general population health, we applied a value of statistical life (VSL) 
recommended by the U.S. EPA. This approach is commonly used in regulatory impact 
analyses and is based on an estimate of how much people are willing to pay to avoid 
small statistical risks of dying (U.S. EPA). Starting with the recommended central 
estimate of $7.4 million for 2006 (U.S. EPA), we adjusted for inflation and real income 
growth. We applied a discount rate of 3% to the anticipated distribution of deaths over 
time (30% of deaths occurring in the first year subsequent to exposure, 50% over years 2-
5, and 20% over years 6-20), yielding a present value of $8.7 million in 2016 dollars.   
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Simulation logistics and data analysis 
To optimize the editing and simulation of numerous housing templates, we 
utilized a factorial template generation software and the Boston University Shared 
Computing Cluster (SCC), a heterogeneous Linux cluster with parallel processing 
capabilities.  
We performed all data analysis using R version 3.4.0. CONTAM outputs, 
including outdoor concentrations of PM2.5, outdoor temperature, source-specific indoor 
concentrations of PM2.5, indoor temperature, and air exchange, were summarized by 
month, season, and year. We reported indoor PM2.5 from a single 3
rd floor corner 
apartment. We extracted hourly gas consumption and electricity utilization outputs from 
EnergyPlus for input into the AVERT model. We reported direct energy savings per unit 
by season and year in SCF for gas and kWh for electricity. For direct comparison, we 
report all indoor environmental health and general population health estimates 
normalized by apartment. 
 
Results 
Baseline building  
Table 4.2 presents the energy consumption, air exchange rates, and indoor 
pollutant concentrations simulated at baseline in the midrise multifamily building across 
the summer and winter seasons. As expected, heating gas consumption was higher on 
average in the winter (i.e. the primary heating season) compared to the summer, while 
electricity consumption from cooling and system HVAC fans was higher on average in 
the summer (i.e. the primary cooling season). Since the building lacks a whole-building 
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mechanical ventilation system, the air exchange rates presented are driven solely by 
infiltration. These infiltration rates are lower in the summer compared to the winter due 
to lower indoor-outdoor temperature differentials in the summer. Total indoor PM2.5 from 
indoor cooking and infiltration of outdoor concentrations reflect trends in infiltration 
rates, with higher concentrations in summer compared to the winter due to less 
ventilation of indoor sources. 
Table 4.2. Baseline infiltration rate (AER), energy utilization, and indoor concentrations of 
PM2.5 of a simulated midrise multifamily apartment  
Season AER (h-1) 
Gas (x1000 SCF) 
Heating 
Electricity (kWh) 
Cooling + Fans 
Indoor PM2.5 (µg/m3) 
Total 
Summer 0.32 1700 820 22 
Winter 0.49 17000 350 15 
Annual 0.40 18000 1200 18 
* Note: Annual may not equal total or average of summer and winter due to rounding 
 
Building intervention impacts on energy consumption and outdoor emissions 
Table 4.3 displays the predicted changes in energy consumption and outdoor 
pollutant emissions from both EGUs and direct residential combustion. Across both 
seasons and performance levels (standard and high performance), the full intervention 
(i.e. sealing, insulation, and ventilation improvements) led to decreases in natural gas 
consumption, but benefits were approximately an order of magnitude greater in the 
winter compared to the summer. These gas consumption benefits were driven by sealing. 
In contrast, across both performance levels, the full intervention led to electricity savings 
in the winter, but increases in the summer due to a loss of “free cooling” due to sealing 
during months when the infiltration of cooler air could have reduced indoor heat gains. 
The electricity benefits in the winter offset the summer increases for a net decrease over 
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the entire year. The effects of higher efficiency MERV HVAC filtration and local 
cooking exhaust on energy consumption and outdoor emissions are assumed to be 
minimal and were not directly simulated due to model limitations.  
For emissions from residential combustion, given our focus on a gas-heated 
multifamily building and the constant emissions per unit of natural gas consumed, all 
pollutants are decreased by a magnitude directly proportional to gas consumption benefits 
across both performance levels (Table 4.3). In contrast, the relationship between changes 
in electricity utilization and resulting emissions impacts varies by intervention type, 
performance level, and season, given the dependence on hourly electrical dispatching. 
For example, in the winter, emissions per kWh approximately scaled with performance 
level of the intervention but varied slightly between insulation and sealing, given 
differing diurnal and seasonal patterns. In contrast, in the summer, the emissions per kWh 
for both NOx and SO2 associated with the insulation-only intervention, which resulted in 
electricity utilization decreases, were each two to three times greater than the emissions 
per kWh for the sealing-only intervention, which resulted in electricity utilization 
increases. As a result, although the full standard intervention (sealing plus insulation) led 
to an increase in electricity utilization in the summer, it resulted in a decrease in EGU 
emissions. The latter pattern did not occur in the corresponding high-performance 
scenario as a result of the much higher energy increases due to sealing compared to 
insulation. Annually, the full standard and high-performance interventions and each 
component led to net EGU emissions benefits, albeit with a variable relationship between 
electricity savings and emissions reductions.   
  
8
3
 
 
Table 4.3. Predicted seasonal and annual changes in energy consumption of an apartment in a midrise multifamily building and 
the resulting outdoor emissions due to standard and high-performance interventions 
  Season and Interventions  
Energy Impacts 
 
Emission Impacts (tons) 
    Electricity Gas  EGUs  Residential Combustion 
SUMMER      kWh SCF  NOx SO2  NOx SO2 PM2.5 
Standard Insulation  -15 -250  -3.7E-05 -2.4E-05  -1.2E-05 -7.6E-08 -5.4E-08 
 Sealing   22 -600  2.3E-05 1.2E-05  -2.8E-05 -1.8E-07 -1.3E-07 
 Insulation + Sealing  8.0 -820  -1.2E-05 -1.1E-05  -3.9E-05 -2.5E-07 -1.8E-07 
High Insulation  -19 -350  -4.7E-05 -3.1E-05  -1.6E-05 -1.0E-07 -7.4E-08 
Performance Sealing   73 -1400  7.2E-05 4.1E-05  -6.5E-05 -4.1E-07 -3.0E-07 
 Insulation + Sealing  66 -1600  3.4E-05 1.6E-05  -7.3E-05 -4.7E-07 -3.3E-07 
WINTER                      
Standard Insulation  -14 -2600  -8.4E-06 -6.7E-06  -1.2E-04 -7.7E-07 -5.5E-07 
 Sealing   -56 -3100  -3.7E-05 -3.1E-05  -1.5E-04 -9.3E-07 -6.7E-07 
 Insulation + Sealing  -69 -5400  -4.4E-05 -3.7E-05  -2.5E-04 -1.6E-06 -1.2E-06 
High Insulation  -15 -3600  -8.9E-06 -7.0E-06  -1.7E-04 -1.1E-06 -7.6E-07 
Performance Sealing   -160 -9100  -1.0E-04 -8.3E-05  -4.3E-04 -2.7E-06 -2.0E-06 
 Insulation + Sealing  -170 -12000  -1.1E-04 -9.1E-05  -5.5E-04 -3.5E-06 -2.5E-06 
ANNUAL                      
Standard Insulation  -29 -2800  -4.5E-05 -3.1E-05  -1.3E-04 -8.5E-07 -6.1E-07 
 Sealing   -34 -3700  -1.4E-05 -1.9E-05  -1.7E-04 -1.1E-06 -8.0E-07 
 Insulation + Sealing  -60 -6200  -5.7E-05 -4.8E-05  -2.9E-04 -1.9E-06 -1.3E-06 
High Insulation  -34 -3900  -5.6E-05 -3.8E-05  -1.8E-04 -1.2E-06 -8.4E-07 
Performance Sealing   -83 -10000  -2.8E-05 -4.2E-05  -4.9E-04 -3.1E-06 -2.3E-06 
  Insulation + Sealing  -110 -13000  -7.6E-05 -7.5E-05  -6.2E-04 -4.0E-06 -2.8E-06 
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Building intervention impacts on population health and costs from outdoor emissions  
Across the entire year, the full standard and high-performance interventions and 
each component intervention (i.e. sealing and insulation) led to net decreases in general 
population premature mortality associated with total emissions (residential combustion 
plus EGU emissions) (Figure 4.2 Panel c, Appendix B Table B1). These health benefits 
were driven by decreases in premature mortality associated with winter exposures to 
residential combustion emissions (Figure 4.2, Appendix B Table B1), of which NOx 
emissions contributed over 90% (Figure 4.2 Panel b). For the standard and high 
performance full interventions, NOx emissions from residential combustion in the winter 
contributed 65% to 71% of total annual health benefits, respectively (Figure 4.2, 
Appendix B Table B1). NOx emissions from EGUs in the winter contributed an 
additional 17% and 21% to the health benefits of each full intervention, respectively 
(Figure 4.2, Appendix B Table B1). Across both performance levels in the summer, the 
insulation-only intervention led to health benefits, while the sealing-only intervention 
was associated with increases in predicted mortality (Figure 4.2, Appendix B Table B1). 
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Figure 4.2.  Predicted seasonal and annual changes in premature population mortality 
associated with EGU and residential combustion emissions resulting from the standard 
weatherization of an apartment in a midrise multifamily building                        
 
 
 
Annual reductions in energy costs are driven by gas savings in the winter, which 
represent over 70% of total savings for each intervention (Table 4.4). Annually, the 
standard full intervention saves $89 per apartment per year in energy costs, while the 
high performance full intervention saves $187 per apartment per year in utility costs 
(Table 4.4). By comparison, when monetized, the population health benefits associated 
with each performance level are $7 and $14, respectively, or 8% of the economic benefit. 
Across interventions, the ratio between monetized population health benefits and 
economic benefits ranged from 0.07 to 0.09 (Table 4.4, Appendix B Table B2). The 
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monetized population health benefits associated with electricity reductions are 
proportionately greater than those associated with residential combustion reductions (i.e., 
the ratio between population health benefits and economic savings is 1.5 to 3 times 
greater for electricity). 
Building intervention impacts on IAQ, resident health and costs 
Table 4.5 displays mean changes in total indoor PM2.5 concentrations along with 
estimated impacts on mortality and monetized health impacts for an apartment of four 
residents with assumed average baseline mortality rates of populations 25 years or older 
or 65 years or older. Across standard and high-performance levels, the combined 
weatherization intervention (insulation plus sealing) increased total indoor PM2.5 
concentrations by 3 g/m3 and 20 g/m3, respectively (Table 4.5). Almost all of these 
disbenefits were due to reduced ventilation rates associated with sealing. The slight 
increases due to insulation can likely be attributed to reduced needs for heating and 
cooling and therefore less whole-building HVAC filtration of recirculating air. For both 
performance levels, the full intervention (weatherization plus ventilation improvements) 
led to net decreases in indoor PM2.5. All disbenefits related to weatherization and all 
benefits attributed to improved ventilation were greatest in the summer season (Appendix 
B Table B3).  
Following trends from changes in indoor PM2.5, the full standard and high-
performance interventions led to net decreases in total premature mortality risk associated 
with indoor PM2.5 concentrations while all interventions without ventilation upgrades led 
to increases (Table 4.5). Given the higher baseline mortality rates of populations age 65 
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and older, and the assumption of identical relative risk, the health implications are 
proportionately higher for this population. Following the monetization of health impacts, 
the decreases in indoor PM2.5 associated with the standard and high performance full 
interventions are valued as $49,000 and $26,000, respectively, for populations 25 years or 
older, and $174,000 and $92,000, respectively, for senior populations. Meanwhile, we 
predicted that the combined weatherization interventions without ventilation 
improvements could lead to health disbenefits of $24,000 at the standard level and 
$170,000 at the high-performance level for populations 25 years and older. As estimated, 
the magnitude of predicted benefits and disbenefits from changes in indoor PM2.5 
exposure are considerably greater than benefits from changes in direct energy savings and 
public health benefits from outdoor emissions.  
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Table 4.4. Annual predicted impacts on energy costs and population health due to the standard and high performance 
interventions in an apartment in a midrise multifamily apartment  
      
Change in energy costs  
(U.S. dollars) 
Monetized population health impacts  
(U.S. dollars) 
      Electricity Gas Total EGU RC Total 
Standard Insulation  -5.6 -36 -41 -1.2 -2.4 -3.7 
 Sealing  -6.5 -47 -53 -0.7 -3.1 -3.7 
 Insul. + Sealing -12 -78 -89 -1.8 -5.2 -7.1 
High  Insulation   -6.6 -49 -56 -1.5 -3.4 -4.9 
Performance Sealing  -16 -130 -150 -1.5 -8.8 -10.0 
  Insul. + Sealing -20 -170 -190 -2.8 -11 -14.0 
 
Table 4.5. Annual predicted changes in indoor PM2.5 concentrations, associated mortality, and monetized health costs due to 
standard and high-performance interventions in an apartment in a midrise multifamily building 
Intervention level and type ∆PM2.5 
∆ Mortality from Indoor PM2.5 
(deaths/year) 
Monetized health impacts (U.S. 
dollars) 
      25+ yrs. 65+ yrs. 25+ yrs. 65+ yrs. 
Standard Insulation 0.0257 2.2E-05 8.0E-05 190 690 
 Sealing 3.03 2.7E-03 9.6E-03 23,000 83,000 
 Insul. + Sealing 3.06 2.7E-03 9.7E-03 24,000 84,000 
 Insul. + Seal + Vent -6.69 -5.6E-03 -2.0E-02 -49,000 -170,000 
High Insulation 0.0493 4.3E-05 1.5E-04 370 1,300 
Performance Sealing 20.3 2.0E-02 7.0E-02 170,000 610,000 
 Insul. + Sealing 20.4 2.0E-02 7.1E-02 170,000 610,000 
  Insul. + Seal + Vent -3.77 -3.0E-03 -1.1E-02 -26,000 -93,000 
Note: Changes in PM2.5 concentrations are provided with three significant figures to facilitate comparisons among interventions. All 
other values are provided to two significant figures.  
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Discussion  
In this study, we developed and applied a modeling framework for estimating and 
monetizing the impacts of residential energy-efficient interventions on energy 
consumption, indoor environmental health, and general population health. To our 
knowledge, no study to date has examined the potential trade-offs among costs related to 
all three of these dimensions. Overall, we found that weatherization coupled with 
improved ventilation can provide direct energy savings, indoor environmental health 
benefits due to improved IAQ, and general population health benefits due to reduced 
outdoor emissions. Meanwhile, weatherization measures alone can lead to energy savings 
and population health co-benefits, but at the cost of resident indoor environmental health, 
which was substantially greater than the monetized value of energy and population health 
benefits. 
While many of these qualitative insights have been previously established, our 
focus here was to improve the linkages between energy and health impact models to 
reduce uncertainty and enable more meaningful quantitative comparisons. A particular 
strength of our study was the application of an IAQ-energy building co-simulation model. 
From an IAQ perspective, this model reduces uncertainties related to airflows and 
pollutant transport due to static versus dynamic indoor temperature modeling, as has been 
previously demonstrated (Taylor et al. 2014; Dols et al. 2016b). Additionally, unlike 
studies using external heat loss models to estimate energy savings (Laverge et al. 2011; 
Hamilton et al. 2015), the co-simulation model can directly account for convective heat 
loss due to infiltration, conductive heat transfer across the building envelope, and solar 
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gains, thereby improving both IAQ and energy performance in response to building 
intervention measures. 
Using the IAQ-energy co-simulation model, we found that the magnitude and 
direction of energy and IAQ impacts varied by intervention type, performance level, and 
season. We found that annual total energy savings associated with the full interventions 
were driven by sealing-related reductions in gas consumption in the winter, while 
sealing-only interventions led to increases in electricity utilization in the summer due to 
substantial losses to “free cooling,” which is consistent with a previous modeling study in 
California (Markley et al. 2014b). Meanwhile, across both seasons, the full intervention 
provided IAQ benefits while the sealing-only intervention led to IAQ disbenefits, which 
were greater in the summer season. These IAQ trends align with studies reporting annual 
(Emmerich et al. 1996; Fabian et al. 2012b; Shrubsole et al. 2012) and seasonal 
(Underhill et al. 2017) IAQ impacts of energy-efficient retrofits simulated in CONTAM-
only models. Furthermore, we found that high performance sealing led to substantially 
greater energy savings, but also greater increases in indoor PM2.5 compared to standard 
sealing. The opposing impacts of increasingly stringent air tightness standards on energy 
and PM2.5 have been separately illustrated using a physics-based energy model (Logue et 
al. 2013) and building physics IAQ model (Milner et al. 2015), however, without 
consideration of IAQ-energy trade-offs or public health impacts.  
By linking our co-simulation building model results to outdoor emissions and 
health impact models, we identified a variety of indoor environmental health and general 
population health co-benefits as well as unintended consequences of energy-efficient 
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building interventions that varied by intervention type, performance level, emissions 
source, and season. A previous study that developed the linkage between building energy 
and general population health (Levy et al. 2016b) modeled the benefits from insulation 
but did not consider air sealing or IAQ implications. In the current study, we illustrated 
that sealing, and likely other interventions affecting ventilation, exhibit more nuanced 
effects compared to interventions that have little to no effect on ventilation, such as 
insulation. For example, we found that “free cooling” losses in the summer led to 
increases in electricity consumption and sealing-related increases in total population 
mortality. While these summer disbenefits were offset by winter benefits, they point to 
the importance of design choices that can mitigate these effects, such as economizers, 
which may be especially important in geographic regions that rely on natural heat losses 
from infiltration. We also identified differences in population health impacts per unit 
energy for insulation and sealing interventions due to variable diurnal and seasonal 
energy-saving patterns, which should be incorporated into future analyses and decision-
making.  
Extending our analysis to include quantification of indoor environmental health 
provided some novel insights, but the resulting estimates were large in comparison with 
energy costs and general population health, and clearly subject to some considerable 
uncertainties. First, we relied on the assumption that the well-established CRFs between 
premature mortality and ambient PM2.5 could be extended to the indoor environment. In 
doing this, we assumed identical toxicity of indoor-generated particles relative to ambient 
particles, and we assumed that the personal characteristics of the simulated building 
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population, such as amount of time spent indoors and underlying biological 
susceptibility, were similar to those of the average population from which the CRFs were 
derived. On the former point, there is no empirical basis for an assumption of differential 
toxicity, so this was a reasonable baseline assumption. On the latter point, given the 
hypothetical nature of our investigation, there was no specific rationale for assuming 
different population characteristics, though clearly uncertainty is increased given small 
population sizes. We illustrated some of the population variability by applying our 
adjusted CRFs to both average adult and elderly populations. Given that older 
populations have higher baseline rates of mortality, we estimated that total premature 
mortality risks for elderly building populations (i.e. 65+ years) would be three-fold 
greater than average adult populations. More generally, our adjustment factor for 
infiltration and time-activity patterns is similar to a factor previously estimated using 
comparable assumptions (MacIntosh et al. 2010) and falls within the range of adjustment 
factors derived by a recent study that used a probabilistic approach and time-activity 
distributions from the literature to develop a theoretical framework for applying ambient 
PM2.5 CRFs to indoor exposures (Milner et al. 2017).   
 
Limitations and conclusions 
Our modeling framework builds on the strengths and insights from previous 
energy, IAQ, and health modeling studies, while adding novel components to refine the 
comparisons among the three pathways. However, the limitations inherent in each 
modeling component should be acknowledged. Uncertainties related to the IAQ-energy 
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co-simulation platform have been previously discussed in detail (Chapter 3). To reiterate 
briefly, we were limited in our ability to directly simulate local exhaust ventilation due to 
the fact that we modeled each apartment as a single, well-mixed zone. Instead we reduced 
the cooking emission rate to reflect typical capture efficiencies (Delp et al. 2012; Singer 
et al. 2012; Lunden et al. 2015) to avoid potentially underestimating the effect of cooking 
exhaust. Due to model limitations inherent in CONTAM and EnergyPlus, we could not 
directly account for the impact of flow resistance associated with high-efficiency HVAC 
MERV filtration on energy outcomes.  
Additionally, the IAQ and energy-related outcomes in the current study are based 
on a single occupant activity scenario with a total of 30 minutes of cooking per day, no 
smoking, and no window-opening activity. Previously, we illustrated the flexibility of the 
co-simulation model to accommodate different levels of cooking and smoking activity, 
and results (Chapter 3) suggest that resident health impacts reported in the current study 
may be underestimated relative to homes with higher rates of cooking or smoking 
activity. This is an important consideration for low-income multifamily housing, in which 
smoking rates (Giovino et al. 1994) and baseline rates of housing-related illness (e.g. 
asthma) tend to be higher (Moorman et al. 2007). The assumption of no window opening 
is reasonable given year-round heating and cooling temperature control; however, this 
assumption does not account for changes in window-opening for targeted ventilation 
purposes (e.g. from cooking or smoking), which could mitigate some of the larger IAQ 
and resident health impacts associated with more stringent weatherization interventions. 
The general strengths and limitations of the AVERT electricity dispatch model 
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and standardized emissions factors have been reviewed previously (Levy et al. 2016a; 
Levy et al. 2016b; U.S. EPA 2016a). Specific to the current project, we have not 
accounted for primary PM2.5 emissions from EGUs due to limitations of the AVERT 
model; however, given that 95% of PM2.5 impacts have been associated with secondary 
PM2.5 formation from SO2 and NOx emissions (U.S. EPA 2011b), we expect only 
minimal downward bias. While both AVERT and EPA emission factors for residential 
gas combustion are based on historical patterns of energy production and emissions, 
AVERT accounts for the temporal patterns and geographic heterogeneity of the 
electricity dispatching system while gas combustion emission factors are based on a 
constant emissions per unit energy calculation given on long-term historical averages. 
The application of a central estimate for CRFs derived from epidemiological 
studies of ambient PM2.5 and health for estimating the health impacts of indoor PM2.5 is 
accompanied by numerous uncertainties, reviewed above and elsewhere (MacIntosh et al. 
2010; Milner et al. 2011; Zhao et al. 2015; Milner et al. 2017). More generally, our 
findings are specific to a gas heated multifamily building in Boston, MA, and the relative 
importance of different model components may differ for other heating fuels and 
geographic settings. In addition, we did not formally quantify or propagate uncertainties 
across our model components, given the challenges in constructing distributions for all 
parameters and the illustrative nature of our modeling. Since each component contains 
uncertain elements, the final model outputs may include considerable uncertainty 
(although some uncertainties would be common to baseline and intervention scenarios, 
and would therefore be more limited in the comparison between the two). Overall, the 
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magnitude of the indoor environmental health impacts should be interpreted with caution 
given the application of large population epidemiology to individual buildings and 
households. That said, our modeling reinforces the importance of identifying and 
ultimately mitigating potential unintended consequences of energy-efficient 
interventions. 
In conclusion, we found that insulation and sealing would provide additional 
monetized benefits related to population health on top of the direct energy savings for the 
resident or building owner. This builds on previous studies that illustrated the potential 
for societal benefits (e.g. monetized CO2 emissions reductions and improved health and 
productivity) from energy retrofits (Levy et al. 2016b), green energy standards 
(MacNaughton et al. 2018), and commercial energy codes (Gilbraith et al. 2014). Our 
study extends the societal analysis by estimating the effects of interventions on resident 
premature mortality and associated costs. The substantial increases in monetized resident 
health impacts for interventions that adversely impact IAQ reinforce the importance of a 
holistic approach to energy efficient interventions that explicitly considers implications 
for the indoor environment.   
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CHAPTER FIVE: Conclusions 
 
Overall, the aim of this work was to develop and apply a novel simulation-based 
framework for investigating the impacts of energy-efficient interventions in multifamily 
housing in Boston, MA. In Chapter 2, using the airflow and IAQ model CONTAM, we 
demonstrated that comprehensive interventions that include weatherization and 
ventilation improvements can lead to IAQ benefits while weatherization-only 
interventions were associated with IAQ disbenefits, and importantly, that the magnitude 
and direction of impacts can vary by occupant activities, such as cooking, smoking, and 
window-opening.  
In Chapter 3, we demonstrated the insights that IAQ-energy co-simulation 
modeling can provide regarding the energy and IAQ impacts of current energy and 
ventilation standards. Similar to Chapter 2, we found that combined investments in 
weatherization and ventilation can lead to both energy and IAQ benefits, however, the 
impacts varied by occupant activity, ventilation type, and performance level of the 
intervention.  
In Chapter 4, we linked our IAQ-energy model outputs to emissions models and 
health impact models to predict changes in the indoor environmental health of residents 
and general population health. In line with our previous results, we found that 
weatherization interventions without ventilation upgrades led to increases in indoor PM2.5 
levels. However, following monetization, we estimated that resident health disbenefits 
would greatly outweigh direct energy savings and population health benefits. Overall, 
results emphasize the importance of comprehensive energy-efficient interventions that 
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explicitly consider the resident and general population health impacts of weatherization 
and ventilation retrofits.  
Limitations 
Study limitations specific to each aim are detailed in each chapter. However, 
several limitations are relevant to all chapters. First, we recognize that there are 
limitations in representing complex systems such as multifamily living environments 
with models. To account for the complexities of airflow and pollutant dynamics in 
multifamily buildings we utilized the well-validated model CONTAM, which has been 
previously applied to study the IAQ performance of buildings, including energy-efficient 
retrofits (Emmerich et al. 2005; Fabian et al. 2012b) and healthy-home interventions 
(Myatt et al. 2008; MacIntosh et al. 2010; Fabian et al. 2012b).  
In aims 2 and 3 (Chapters 3 and 4) we coupled the IAQ-energy model with 
EnergyPlus, a well-validated, whole-building energy analysis program. Given the 
hypothetical nature of many of the applied interventions, direct validation of airflows, 
indoor concentrations, or energy consumption was not possible. We instead relied on 
extensive comparisons with the literature and also tested the sensitivity of our 
conclusions to a range of input parameters, including emission rates, building 
characteristics, ventilation rates, occupant behaviors, and outdoor weather. However, 
while we simulated multiple types of occupant activity (e.g. cooking, smoking, window-
opening), the model could not account for potential occupant activity changes in response 
to environmental conditions (e.g., less window-opening due to increased thermal comfort, 
or conversely, more window-opening due to increased pollutant concentrations).  
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For aim 1 (Chapter 2), we built a detailed CONTAM model of a specific low-rise 
multifamily building with multiple zones per apartment in Boston, MA. For aims 2 and 3 
(Chapters 3 and 4, respectively), we utilized EnergyPlus and CONTAM templates 
developed by the National Renewable Energy Laboratory (NREL) and NIST, 
respectively, to represent a typical midrise apartment building in Boston, MA. Beyond 
the general strengths of co-simulation (detailed in Chapters 3 and 4), the latter approach 
improved the replicability of the low-rise model from Chapter 2 by using well-validated, 
publically available templates. Since the midrise simulation model was designed to be 
representative of typical midrise buildings in Boston, MA, the generalizability of results 
is still limited by building and ventilation typology, occupant activity, and other specific 
building model parameters. Also, in the midrise model we were not able to estimate 
exposure based on time-activity patterns within the household (as we did in Chapter 2) 
since each apartment was modeled as a single, well-mixed zone. Additionally, the single-
zone apartment approach limited our ability to directly model local ventilation (e.g. local 
cooking exhaust), as detailed in Chapter 3. 
 
Public health implications and future work 
As the results of this dissertation and previous literature demonstrate, residential 
energy-efficient interventions can impact energy costs, IAQ and associated health 
outcomes, and general population health. The development of flexible, analytical tools to 
examine monetized trade-offs are essential for the identification and implementation of 
energy-efficiency retrofits that are cost-effective and protect human health across a range 
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of housing typologies and subpopulations.  
While the generalizability of current model results is limited, our work contributes 
to a growing body of literature on the impacts of energy-efficiency retrofits in different 
types of housing. More importantly, however, our modeling framework is flexible and 
well-positioned to be applied to an expanded set of housing typologies and indoor 
scenarios. For example, a representative set of U.S. models could be developed using 
publically available CONTAM and EnergyPlus templates along with demographic census 
data and extensive housing information from the Residential Energy Consumption 
Survey (RECS). Furthermore, geographic data could be used to map templates to specific 
areas in the U.S. in an effort to determine regional distributions of indoor exposure and 
health impacts of interventions.  
Results from future studies could guide the prioritization of certain interventions 
over others based on building attributes (e.g. building leakiness, gas stove) and 
population characteristics (e.g. presence of smokers). Furthermore, our models can 
uncover opportunities for alternative, cost-effective mitigation strategies (i.e. no-smoking 
policies, gas stove ventilation) that can minimize health effects from building 
interventions characteristic of energy-efficient retrofits, such as building-tightening 
interventions. Diurnal and seasonal energy impact patterns can inform building designs to 
mitigate the potentially substantial energy disbenefits incurred as the result of adding 
supply ventilation to meeting building standards.  
Evaluating the tradeoffs among energy savings and health may be especially 
important for the multifamily sector. Multifamily rental units are predominantly occupied 
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by low- and middle-income populations (Ross et al. 2016) who tend to spend a greater 
proportion of their income on energy services compared to higher income populations. 
Meanwhile, energy retrofit programs are primarily geared towards single-family 
residences and are underutilized in the multifamily housing sector due to financial and 
logistical challenges (e.g. split incentives where building owners incur the majority of 
installation costs while residents experience most of the direct savings) (Ross et al. 2016). 
Data on resident impacts and societal benefits of holistic energy-efficiency approaches 
provided by models such as the one presented here can inform policy initiatives geared 
towards creating financial incentives for building owners (e.g. tax credits or low-interest 
loans) to implement cost-effective and health-protective energy retrofits. 
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APPENDIX A 
 
 
 
Figure A1. Building schematics of a typical 4-story low-rise, stacked apartment building 
with eight 2-level units located at the modeled building site. Study results are based on Unit 
A, a corner unit located on the first and second levels of the low-rise building (a). The 
bottom figures display the floor layouts for the first (b) and second levels (c) modeled in 
CONTAM. Each unit is represented by a unique color. Within each unit, the black points 
represent pollutant sources and sinks, air flow paths between floors, zone (i.e. room) 
identifiers, and air handling unit supply and return paths. Black points along walls 
represent other points of ventilation, including windows, doors, and exhaust fans as well as 
uncontrolled leakage areas (e.g. around windows, doors, AC units, air ducts). 
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Table A1. Summary of renovation components and predicted impacts on energy 
consumption and IAQ. 
Retrofit Components Predicted Energy and IAQ impacts 
Weatherization Measures   
Air sealing: Exterior and interior cracks caulked 
and all doors and windows weather-stripped. 
Windows and doors: Old windows replaced with 
double-pane glass windows. Sliding glass doors 
replaced with fiberglass French doors with fixed 
glass. 
Reduction of uncontrolled indoor/outdoor 
airflows across building envelope to 
minimize heating and cooling loads and 
reduce infiltration of outdoor pollutants. 
Ventilation and Filtration Improvements1   
Ventilation: New exhaust fans in kitchen and 
bathroom. Fresh air supply added to HVAC 
system. 
Filtration: Higher efficiency HVAC particle 
filtration (MERV 4 upgraded to MERV 7). 
 
Maintenance of sufficient ventilation, 
filtration, and fresh air supply to reduce 
indoor pollutant concentrations. Minimally 
higher energy consumption. 
Heating and Hot Water Upgrades   
Integrated water and heating system: Furnaces 
replaced with high-efficiency boilers with fan coils 
serving indirect water heater. Sealing conducted on 
ductwork. Programmable thermostats installed. 
Minimization of energy consumption 
related to heating and hot water. No impact 
on IAQ expected.  
Other Energy Efficient Appliances    
Energy Star air conditioners and refrigerators. CFL 
or LED lighting. Water-saving devices in kitchen 
and bathroom. 
Reduction of energy consumption. No 
impact on IAQ expected.  
   1 Modeled ventilation retrofits not compliant with ASHRAE Standard 62.2 
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Table A2. Mechanical and natural ventilation parameters and schedules. 
Open doors1   
Front and back doors Open for 1 min at 7am, 9am, 
1pm, 5pm, 7pm 
Mechanical door Door open for 1 min @ 9am 
Window-opening1   
Kitchen window Follows cooking schedule5  
Bathroom window Follows shower schedule5 
Exhaust fan operation2   
Kitchen fan  
   flow rate=160 cfm 
Follows cooking schedule5  
Bathroom fan 
  flow rate=70 cfm 
Follows shower schedule5 
Air Handling Unit (AHU)3,4   
Supply/return fans 
  total flow rate: 800 cfm 
  fresh air: 40 cfm (5%) 
  recirculating air: 760 cfm 
All day, 15 min per hour 
1Air flow determined by two-way flow model in CONTAM; 2 Exhaust fans only 
active in post-retrofit scenarios; dampers operate at all times when fans are off. 
3AHU supply and return fans only operated in heating season; 4AHU uses MERV-
4 and MERV-7 particulate filters in pre- and post-retrofit scenarios, respectively. 
5See Table A3 for cooking and shower schedules. 
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Table A3. Contaminant sources, emission and removal rates, and corresponding schedules. 
Contaminant 
and Sources 
Emission/Removal 
Rate 
Reference Schedule 
Fine 
Particulate 
Matter 
      
Cigarettes 
(ETS) 
1 mg/min  
(10 mg/cig*1 cig/10 min) 
Klepeis et al. (2003) 10 min (1 cigarette) per 1/2 
hour from 7:00-20:00 
Cooking 1.56 mg/min Burke et al. (2001) Average cooking scenario:  
cooking: 8-8:10, 13-13:10, 
18:00-18:40; no frying 
Heavy cooking scenario:  
cooking: 8-8:20 & 13-13:20; 
frying: 18:00-19:20  
Frying 2.68 mg/min He et al. (2004) 
ETS PM2.5 
deposition 
-0.1/h Klepeis et al. (2006) All day 
Cooking, frying 
& outdoor 
PM2.5 
deposition 
-0.19/h Long et al. (2001) All day 
Nitrogen 
Dioxide 
      
Cooking (gas 
stove) 
56 μg/sec Persily (1998) Same as PM2.5 cooking 
schedules 
Cooking & 
outdoor NO2 
decay 
-0.87/h Emmerich et al. 
(1996) 
All day 
Water Vapor       
Showering 670 mg/sec Persily (1998) 10-min showers at 6:00, 6:30, 
& 20:00 (weekdays); 9:00, 
9:30, 20:00 (weekends) 
Cooking 728.5 mg/sec Angel & Olsen (1998) Same as PM2.5 cooking 
schedule 
Dishwashing 
 
83.3 mg/sec (Persily 1998) 19:00-20:00 
Breathing 
   
  Children Awake: 11.1 mg/sec (Persily 1998) 6:30-20:00 on weekdays; 8:00-
20:00 on weekends 
 
Sleeping: 6.11 mg/sec 
 
20:00-6:30 on weekdays; 
20:00-8:00 on weekends 
  Adults Awake: 15.3 mg/sec (Persily 1998) 6:00-22:00 
 
Sleeping: 8.42 mg/sec 
 
22:00-6:00 
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Table A4. Twenty-four-hour average concentrations of total indoor PM2.5 (μg/m3) over 7 
days. Green circles and red diamonds indicate values below and above baseline 
concentrations (“No Retrofits”), respectively, within each occupant activity scenario defined 
by window-opening, smoking, and cooking activity. 
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Table A5. Twenty-four-hour average concentrations of total indoor NO2 (μg/m3) over 7 
days. Green circles and red diamonds indicate values below and above baseline 
concentrations (“No Retrofits”) within each occupant activity scenario defined by window-
opening, smoking, and cooking activity. 
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APPENDIX B 
Table B1. Predicted impacts of weatherization on changes in population mortality by pollutant, season, and intervention level 
Intervention level and type  Mortality impacts (deaths per year) 
   EGUs  Residential Combustion 
SUMMER    NOx SO2  NOx SO2 PM2.5 
Standard Insulation  -4.2E-08 -7.0E-08  -1.1E-08 -9.6E-11 -9.5E-10 
 Sealing  2.5E-08 3.2E-08  -2.7E-08 -2.3E-10 -2.3E-09 
 Insul.+  Sealing  -1.5E-08 -3.5E-08  -3.7E-08 -3.1E-10 -3.1E-09 
High Insulation  -5.4E-08 -9.0E-08  -1.5E-08 -1.3E-10 -1.3E-09 
Performance Sealing  8.0E-08 1.1E-07  -6.2E-08 -5.3E-10 -5.2E-09 
 Insul.+  Sealing  3.6E-08 3.5E-08  -6.9E-08 -5.9E-10 -5.9E-09 
WINTER               
Standard Insulation  -2.5E-08 -4.7E-09  -2.5E-07 -1.0E-09 -1.5E-08 
 Sealing  -1.1E-07 -2.1E-08  -3.1E-07 -1.3E-09 -1.8E-08 
 Insul.+  Sealing  -1.3E-07 -2.5E-08  -5.3E-07 -2.2E-09 -3.0E-08 
High Insulation  -2.7E-08 -5.0E-09  -3.5E-07 -1.4E-09 -2.0E-08 
Performance Sealing  -3.0E-07 -5.6E-08  -8.9E-07 -3.7E-09 -5.1E-08 
 Insul.+  Sealing  -3.3E-07 -6.1E-08  -1.1E-06 -4.7E-09 -6.6E-08 
ANNUAL               
Standard Insulation  -6.8E-08 -7.5E-08  -2.6E-07 -1.1E-09 -1.5E-08 
 Sealing  -8.6E-08 1.1E-08  -3.3E-07 -1.5E-09 -2.0E-08 
 Insul.+  Sealing  -1.5E-07 -6.1E-08  -5.6E-07 -2.5E-09 -3.3E-08 
High Insulation  -8.1E-08 -9.5E-08  -3.6E-07 -1.6E-09 -2.1E-08 
Performance Sealing  -2.2E-07 5.1E-08  -9.6E-07 -4.2E-09 -5.6E-08 
  Insul.+  Sealing  -3.0E-07 -2.7E-08  -1.2E-06 -5.3E-09 -7.2E-08 
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Table B2. Seasonal and annual impacts on energy costs and population health due to the standard and high performance 
interventions in an apartment in a midrise multifamily building 
      
Change in utility costs  
(U.S. dollars) 
Monetized population health 
impacts (U.S. dollars) 
SUMMER     Electricity Gas Total EGU RC Total 
Standard Insulation  -2.9 -3.2 -6.1 -1.0 -0.11 -1.1 
 Sealing  4.1 -7.6 -3.4 0.50 -0.26 0.25 
 Insul. + Sealing 1.6 -10 -8.7 -0.44 -0.35 -0.78 
High Insulation   -3.7 -4.3 -8.0 -1.3 -0.15 -1.4 
Performance Sealing  14 -17 -3.5 1.6 -0.59 1.0 
 Insul. + Sealing 13 -20 -7.0 0.6 -0.66 -0.04 
WINTER                 
Standard Insulation  -2.7 -32 -35 -0.3 -2.3 -2.6 
 Sealing  -11 -39 -50 -1.2 -2.8 -4.0 
 Insul. + Sealing -13 -68 -81 -1.4 -4.9 -6.3 
High Insulation   -2.9 -45 -48 -0.3 -3.2 -3.5 
Performance Sealing  -30 -110 -140 -3.1 -8.3 -11.0 
 Insul. + Sealing -33 -150 -180 -3.4 -11 -14.0 
ANNUAL                 
Standard Insulation  -5.6 -36 -41 -1.2 -2.4 -3.7 
 Sealing  -6.5 -47 -53 -0.7 -3.1 -3.7 
 Insul. + Sealing -12 -78 -89 -1.8 -5.2 -7.1 
High Insulation   -6.6 -49 -56 -1.5 -3.4 -4.9 
Performance Sealing  -16 -130 -150 -1.5 -8.8 -10.0 
  Insul. + Sealing -20 -170 -190 -2.8 -11 -14.0 
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Table B3. Predicted changes in indoor PM2.5 concentrations, associated mortality, and 
monetized health costs due to standard and high-performance interventions in an 
apartment in a midrise multifamily building, by season 
Intervention level and type ∆PM2.5 
∆ Mortality from 
Indoor PM2.5 
(deaths/year) 
Monetized health 
impacts (U.S. dollars) 
SUMMER     25+ yrs. 65+ yrs. 25+ yrs. 65+ yrs. 
Standard Insulation 0.0254 1.1E-05 3.9E-05 96 340  
Sealing 4.37 1.9E-03 6.9E-03 17,000 60,000  
Insul. + Sealing 4.41 2.0E-03 7.0E-03 17,000 61,000  
Insul. + Seal + Ventilation -8.03 -3.3E-03 -1.2E-02 -29,000 -100,000 
High Insulation 0.0505 2.2E-05 7.8E-05 190 680 
Performance Sealing 26.3 1.3E-02 4.6E-02 110,000 400,000  
Insul. + Sealing 26.5 1.3E-02 4.6E-02 110,000 400,000  
Insul. + Seal + Ventilation -5.98 -2.4E-03 -8.5E-03 -21,000 -74,000 
WINTER             
Standard Insulation 0.0260 1.1E-05 4.0E-05 98 350  
Sealing 1.69 7.4E-04 2.6E-03 6,500 23,000  
Insul. + Sealing 1.70 7.5E-04 2.7E-03 6,500 23,000  
Insul. + Seal + Ventilation -5.35 -2.3E-03 -8.1E-03 -20,000 -70,000 
High Insulation 0.0482 2.1E-05 7.5E-05 180 650 
Performance Sealing 14.3 6.7E-03 2.4E-02 58,000 210,000  
Insul. + Sealing 14.4 6.7E-03 2.4E-02 59,000 210,000  
Insul. + Seal + Ventilation -1.57 -6.1E-04 -2.2E-03 -5,300 -19,000 
ANNUAL             
Standard Insulation 0.0257 2.2E-05 8.0E-05 190 690  
Sealing 3.03 2.7E-03 9.6E-03 23,000 83,000  
Insul. + Sealing 3.06 2.7E-03 9.7E-03 24,000 84,000  
Insul. + Seal + Ventilation -6.69 -5.6E-03 -2.0E-02 -49,000 -170,000 
High Insulation 0.0493 4.3E-05 1.5E-04 370 1,300 
Performance Sealing 20.3 2.0E-02 7.0E-02 170,000 610,000  
Insul. + Sealing 20.4 2.0E-02 7.1E-02 170,000 610,000  
Insul. + Seal + Ventilation -3.77 -3.0E-03 -1.1E-02 -26,000 -93,000 
 
* Note: Changes in PM2.5 concentrations are provided with three significant figures to facilitate 
comparisons among interventions. All other values are provided to two significant figures. 
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